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FOREWORD

By Staff
Transportation Research
Board

This report contains the findings of a study that was performed to establish the factors
and combinations of factors pertaining to concrete materials, design details, and construc-
tion practices that influence the occurrence of early transverse cracking in bridge decks. The
report provides a comprehensive description of the research, including Guidelines to help
highway engineers select the concrete materials and construction practices that should
reduce or eliminate the occurrence of transverse cracking in newly constructed bridge
decks. Also, the report describes a recommended test method for evaluating the cracking
tendency of concrete. The contents of this report will be of immediate interest to bridge
engineers, researchers, and others concerned with the design and construction of bridge
structures.

Many concrete bridge decks develop transverse cracking shortly after construction.
These cracks accelerate corrosion of reinforcing steel and lead to concrete deterioration,
damage to components beneath the deck, and unsightly appearance. These cracks shorten
the service life and increase maintenance costs of bridge structures.

Under NCHRP Project 12-37, “Transverse Cracking in Newly Constructed Bridge
Decks,” Wiss, Janney, Elstner Associates, Inc., was assigned the tasks of determining the
major factors or combinations of factors that contribute to transverse deck cracking in
newly constructed bridge decks, and recommending Guidelines for preventing or reducing
the occurrence of such cracking. To accomplish these objectives, the researchers reviewed
relevant domestic and foreign literature, surveyed all U.S. departments of transportation and
several transportation agencies overseas, performed analytical studies and laboratory tests,
and conducted field measurements on a bridge structure during and shortly after deck con-
struction. The report documents the work performed under NCHRP Project 12-37 and
describes the relevance of concrete materials, design details, and construction practices to
the occurrence of early deck cracking.

The recommended Guidelines, summarized in this report, identify and rank the factors
and combinations of factors pertaining to concrete materials, design details, and construc-
tion practices that influence the occurrence of transverse cracking in newly constructed
bridge decks. The Guidelines outline recommended actions to help reduce or eliminate
early deck cracking.

The proposed cracking-tendency test procedure, described in this report, can be used
to compare the resistance of different concretes to early cracking. The test procedure will
be particularly useful to highway agencies and is recommended for consideration and
adoption by AASHTO as a standard test method.
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SUMMARY

-~ TRANSVERSE CRACKING IN
NEWLY CONSTRUCTED BRIDGE DECKS

Many concrete bridge decks develop transverse cracks soon after construction. These
cracks are typically full-depth and spaced 1 to 3 m (3 to 10 ft) apart along the length of the
bridge. Transverse cracks may shorten the service life of a bridge and increase maintenance
costs. They can accelerate corrosion of reinforcing steel, deteriorate concrete, damage com-
ponents beneath the deck, and damage appearance.

Researchers and transportation agencies do not agree on a minimum crack width that
affects performance. Typical acceptable crack widths for structures subject to deicing
chemicals range from near 0 to 0.2 mm (0.008 in.). Denmark, Japan, and Switzerland typ-
ically specify a maximum crack width of 0.2 mm (0.008 in.) on conventionally reinforced
decks. Only two U.S. transportation agencies limit crack widths; one limits crack width to
0.18 mm (0.007 in.), and the other specifies less than 15.2 m (50 ft) of cracks wider than
0.5 mm (0.020 in.) per 46.5 m? (500 ft?) of deck surface area. The orientation and shape of
cracks with respect to the deck reinforcement significantly affect deterioration. A conser-
vative approach of bonding or sealing all visible cracks is suggested when attempting to
achieve the most durable structure in an aggressive environment.

A survey was sent to all U.S. departments of transportation (DOTSs) and several trans-
portation agencies overseas to learn the extent of early transverse cracking. Fifty-two agen-
cies from the United States and Canada responded to the survey. The respondents estimate
that more than 100,000 bridges in the United States, about half the bridges monitored by
the respondents, developed early transverse cracking. Sixty-two percent of the agencies
consider early transverse cracking a problem, 24 percent do not consider this a problem,
and 14 percent have no opinion. Many agencies that do not consider transverse cracking a
problem nonetheless reported extensive cracking. Fifteen percent believed that all of their
decks have transverse cracks.

This project studied transverse cracking with theoretical analyses, field instrumenta-
tion, and laboratory research. The elastic equations derived to calculate thermal and
shrinkage stresses in a bridge deck are presented in Appendix F, which is not published
herein. The results of the monitoring of a bridge deck replacement were compared to the-
oretical behavior calculated by using the equations derived for this project. Laboratory
studies of the cracking tendency of various mix and environmental parameters were also
performed.



The analytical studies used conventional and finite element analysis techniques to eval-
uate the influence of various factors on deck tensile stresses and cracking. These factors
included concrete drying shrinkage, creep, hydration temperatures and other thermal
effects, position and amount of reinforcing steel, girder size and spacing, single- and mul-
tispan conditions, age, and other parameters. This parameter study analyzed bridges with
steel girders; reinforced concrete girders; precast, prestressed concrete girders; and cast-in-
place, post-tensioned girders. Simple-span and two-span structures were studied. Three dif-
ferent temperature profiles and two different deck drying shrinkage profile conditions were
studied. Approximately 18,000 bridge system scenarios were analyzed. These analytical
techniques enabled a more thorough investigation of the parameters that affect cracking
than field work-or laboratory testing alone would have.

This project identified and ranked the factors or combinations of factors that contribute
to transverse cracking of newly constructed bridge decks. These analyses determined that,
for most bridges, concrete properties affect deck cracking more than any other factors. As
a result, a test procedure was developed to measure the cracking tendency of different con-
cretes. In brief, the test involves casting a concrete ring against a steel inner ring that
restrains the shrinking concrete and usually causes cracking. This test procedure is proposed
for adoption by AASHTO so that transportation agencies can test and develop concrete
mixes that resist transverse cracking.

The major design factors affecting cracking are span type, concrete strength, and girder
type. Moderate factors included dead-load deflections, base restraint, concrete cover, span
length, and quantity of reinforcement.

For most bridges, the girders significantly restrain the deck against its natural shrinkage
and thermal movement, causing stresses in the deck. These stresses and the risk of trans-
verse deck cracking are caused mainly by the amount of restraint provided to the deck by
the girders, differential shrinkage and thermal movements of the deck and girders, concrete
effective modulus of elasticity, and shrinkage and thermal strains. Material properties such
as cement content, cement composition, early age elastic modulus, creep, aggregate type,
concrete temperature during placement, heat generated during hydration, and drying shrink-
age also influence cracking.

Many of the transportation agencies surveyed stated that concretes with 335 kg/m® (564
1b/yd?) of cement cracked less than those with 390 kg/m’® (658 1b/yd®) of cement. These .
agencies generaily recommended that the water-cement ratio be reduced to between 0.41
and 0.49, and that peak concrete temperatures be lowered to reduce stresses during cooling.
Many agencies recommended aggregates that have low shrinkage values and Type II
cement to reduce shrinkage and temperature during early hydration.

The survey respondents recommended stiffer decks and additional relnforcement
to reduce transverse deck cracking. They also recommended a minimum concrete
cover of 38 mm (1.5 in.) over the reinforcement, and a maximum cover of 75 mm (3 in.).
To reduce cracking, the minimum recommended thickness of the decks should be
200 to 230 mm (8 to 9 in.). Decreased spacing and size of temperature and shrinkage
steel were recommended. This steel should be placed on top of the primary slab
reinforcement.

The transportation agencies generally believed that construction practice can affect
transverse cracking. Curing is the most important aspect of construction, and effective cur-
ing should commence as soon as possible. They suggested wind breaks and sun shades
during periods of high evaporation to reduce drying. Nighttime concrete construction is
preferred because of lower air temperatures, lower solar radiation, and higher relative
humidity.

Weather conditions during concrete placement greatly influence the number of medium
and large cracks that develop early in the life of the structure. More cracking was observed



when concrete was placed during low humidities and high evaporation rates. Cracking also
may be worse when concrete is cast at low temperatures or high temperatures. The trans-
portation agencies cited vibration and finishing procedures as potential factors that cause
early cracking. Pour length and combination of pours did not seem to be a major influence
on the amount of transverse cracking. Traffic-induced vibrations during hardening were
also found not to be detrimental to deck concrete.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

PROBLEM STATEMENT

Concrete bridge deck cracking is a prevalent problem in
the United States. Transverse cracking occurs in most geo-
graphical locations and climates, and in many types of bridge
superstructures. The objective of this research was to deter-
mine the major factors or combination of factors that con-
tribute to early transverse deck cracking. The research was
limited to conventionally reinforced bridge decks. Deck
cracking can be caused by plastic shrinkage, shrinkage
stresses, thermal stresses, bending stresses, fatigue, corrosion
of embedded steel, and chemical reactions. This project iden-
tified construction methods, concrete materials, and struc-
tural design procedures that reduce or eliminate transverse
deck cracking.

Surveys were sent to all U.S. DOTs and several trans-
portation agencies overseas to learn the extent of deck crack-
ing. Fifty-two agencies within the United States and Canada
responded to the survey. Sixty-two percent considered trans-
verse cracking at early ages to be a problem, 24 percent did
not consider early transverse cracking a problem, and 14 per-
cent had no opinion. Many that did not consider transverse
cracking to be a probiem nonetheless reported extensive
cracking.

This project was limited to early transverse cracking of
bridge decks. These cracks typically are full-depth cracks,
aligned above the transverse reinforcing. The surface crack
widths typically ranged from 0.05 mm (0.002 in.) to 0.65 mm
(0.025 in.), and the cracks were spaced usually 1 to 3 m (3 to
10 ft) apart. These types of cracks are common, and are often
mistakenly called drying shrinkage cracks. Shrinkage is not
synonymous with cracking.

The causes and prevention of plastic shrinkage cracking are
well understood. Plastic shrinkage cracking occurs when the
evaporation rate exceeds the bleed rate of the plastic concrete.
Plastic cracks typically are very wide at the surface, but nar-
row substantially with depth. They rarely exceed 50 to 75 mm
(2 to 3 in.) in depth. Plastic cracks are short and can occur in
any direction. Plastic cracking can be prevented by using
monomolecular evaporation-retarding films, water fogging,
wind breaks, or casting concrete when evaporation is low.
Plastic shrinkage cracking is not the focus of this project.
Also, this project did not examine cracking at later ages
caused by reactive aggregates or corrosion of embedded steel.

Crack Development

Concrete bridge decks develop transverse cracks when
longitudinal tensile stresses in the deck exceed the tensile
strength of the concrete. These tensile stresses are caused by
temperature changes in the concrete, concrete shrinkage, and
sometimes bending from self-weight and traffic loads. A
combination of shrinkage and thermal stresses causes most
transverse bridge deck cracking.

Shrinkage and temperature stresses develop in all bridge
decks, because the girders restrain the natural thermal and
shrinkage movement of the deck. When the deck and girders
consist of different materials (steel and concrete, or different
concretes) with different thermal expansion rates, even a
constant temperature change will cause stresses because the
different materials expand differently and cannot expand
where they are attached. Temperatures in a bridge are rarely
uniform or linearly distributed, and shrinkage is also non-
linearly distributed. Nonlinear shrinkage and temperature
changes cause stress, even without restraint.

Many factors affect shrinkage and thermal stresses. For
example, geographic location affects these stresses, because
environment affects early hydration temperatures, drying
shrinkage, and final temperature cycling. Material properties
and bridge geometry also affect shrinkage and thermal
stresses.

Unrestrained concrete expands when it is heated, contracts
when it is cooled, and shrinks as it dries. These thermal and
shrinkage movements are expressed in terms of strain. Strain
by itself does not necessarily cause stress (necessary for
cracking). When concrete undergoes a uniform or linearly
distributed shrinkage or temperature change, it will not
develop stresses if it is not physically restrained against
movement. However, if restrained, the force or pressure
restraining the concrete causes stress.

Bridge elements restrain thermal and shrinkage strains in
a deck, causing stress. Because there is considerable friction
between the deck and its supporting girders, the girders
restrain deck strains when they do not have temperature or
shrinkage strains identical to the deck. This restraint is usu-
ally worst with steel girders, because steel girders do not
shrink and steel usually has a different coefficient of thermal
expansion. To a lesser extent, embedded reinforcement in the
deck also restrains the deck against shrinkage and against



thermal movements when the steel has a different coefficient
of thermal expansion than the concrete.

Restraint can cause large shrinkage and thermal stresses.
For example, if the concrete has a free-shrinkage of 500
microstrain (pe), but it is restrained and-allowed to shorten
only 250 pe, the restraint is 50 percent. A concrete with a
modulus of elasticity of 28 GPa (4 X 10° psi) might have an
effective modulus of only 14 GPa (2 X 10° psi), because of
creep. The resultant tensile stress would be the product of the
strain (500 pe) times the restraint (50 percent) times the
effective modulus of elasticity {14 GPa (2 X 10° psi)] for a
resultant tensile stress of 3.4 MPa (500 psi). If the tensile
strength of the concrete is greater than 3.4 MPa (500 psi),
cracking will not occur. However, additional tensile stresses
from thermal gradients or loading could crack such a con-
crete. Therefore, effects of shrinkage and temperature
changes, effective concrete modulus, restraint conditions,
tensile strength, and loading conditions must be considered.
Several examples follow.

If a deck could be separated from its girders, the three
basic temperature changes would produce the movements
(free-strains) shown in Figure 1. When both the girders and

A

Original Length of Deck and Girders

5

deck have similar temperatures increases (Figure 1, Condi-
tion 1), both expand similarly; such a temperature change
may occur between uniform summer and winter conditions.
Sustained solar radiation on a bridge deck, early exothermic
cement hydration of the concrete deck, or both may cause a
nearly uniform temperature change in the deck while the
temperature changes in the girders remain small (Figure 1,
Condition 2); this can cause a large free-strain difference
between the deck and girders. Because solar radiation heats
the upper surface of a deck quicker than the heat conducts to
lower depths, a nearly linear temperature gradient often
occurs in bridge decks during the morning (Figure 1, Condi-
tion 3); such a condition would cause the free deck to curve
convex upward. A nearly linear temperature gradient can
also occur during early evening or during rains as the upper
surface of the warmed deck radiates heat and cools quicker
than lower depths. Temperatures in a bridge are constantly
changing, but they can often be represented by one of these
three distributions or by combinations of these three.
Because a bridge deck is typically composite with its gird-
ers (even if it is not intentionally designed to be so), the free-
strain or curvature differences shown in Figure 1 cannot
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Figure 1.

Strain effects of various temperature changes.



occur. Instead, normal and shear stresses develop at the inter-
face between the deck and girders so that there is compati-
bility (identical strain and curvature) at the interface. For
analysis, a 30°C (54°F) maximum temperature decrease was
applied to a representative steel-girder composite bridge for
the three conditions illustrated in Figure 1. Figure 2 shows
the resulting stresses in the concrete deck and steel girder.
The positive values indicate tensile stresses.

As Figure 2 indicates, each temperature decrease pro-
duces drastically different stresses. A uniform temperature
change in both the deck and girders for Condition 1 causes
small deck stresses less than 41 kPa (6 psi) because little
free-strain incompatibility (differential movement) exists at
the interface. Large, nearly uniform tensile stresses of about
2.2 MPa (310 psi) can develop in the deck from a uniform
temperature change only in the deck as shown in Condition
2. Even larger tensile stresses of 5.9 MPa (860 psi) can occur
from a nearly linear temperature change only in the deck,
with tensile stresses on one surface of the slab and com-
pressive stresses on the opposite surface for Condition 3. For
Condition 3, the unrestrained bowing potential for a deck

Concrete Deck Applied
and Steel Plate- Temperature
Girder Section Change
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° g 55
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g = g
21 B
- £
Concrete Properties: -
modulus of elasticity of 27.6 MPa s
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(0.0000055/°F). E3
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Steel Properties: <
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Concrete Deck Geometry: - g
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Steel Girder Geometry: 6 5
area of 750 cm? (116 in?), moment <
of inertia of 7x106 cm* <

(168,000 in?).

Temperature Decrease Full-Depth Temperature

Temperature Decrease

30 m (98.4 ft) long would be 160 mm (6.3 in.); whereas, for
Condition 2, the unrestrained movement of the deck would
be 8.9 mm (0.35 in.), and for Condition 1, the difference in
unrestrained girder and deck movements would be 1.6 mm
(0.06 in.).

Shrinkage and thermal stresses in a bridge deck depend on
the restraint provided to the deck by the girders. Because
girders restrain a deck at the soffit and not the centroid of the
deck, the eccentric restraint causes both membrane (in-plane)
and bending stresses in the deck. These effects are compli-
cated, and stress reversals within the deck can occur when
bending stresses exceed membrane stresses. Even uniform
shrinkage or temperature changes can cause tensile stresses
on one surface of the deck and compressive stresses on the
opposite face.

When a uniform free-strain is applied to a deck (Figures
1 and 2, Condition 2), the girders partially restrain longitu-
dinal movement of deck, and the eccentric restraint causes
the deck to bend. The longitudinal restraint causes mem-
brane stresses in the deck, and the bending causes bending
stresses. For some geometries, bending stresses are small,
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Figure 2. Example deck and steel girder stresses for various temperature changes.



and restraint stresses in the deck are nearly uniform. For
other geometries, bending stresses are larger than membrane
stresses, and stress reversal develops in the deck. When
large steel plate girders or large concrete girders support
the deck, they restrain approximately 15 to 20 percent of
the uniform free-strain at the upper surface of the deck
and approximately 25 to 35 percent at the soffit. Smaller
steel or concrete girders typically restrain little or no free-
strain at the upper surface and between 20 and 25 percent at
the soffit. _

When applied free-strains in the deck are linear (Figures 1
and 2, Condition 3), girders restrain most of the curvature
that would develop in the deck if the deck was separated from
the girders. Steel girders typically restrain between 85 and 95
percent of this curvature, whereas concrete girders usually
restrain between 75 and 95 percent; larger girders restrain
more curvature. For the example shown in Figure 2, Condi-
tion 3, a composite span 30 m (98.4 ft) long would bow 8 mm
(0.32 in.), only 5 percent of the 160 mm (6.3 in.) bowing
potential. However, because of an interface shear, final
strains in the deck are less than the curvature restraint sug-
gests. Large steel or concrete girders can restrain about 60
percent of the free-strain at the upper surface, and smaller
girders often restrain between 35 and 45 percent at the upper
surface. When linear free-strains are applied to most decks,
bending stresses are larger than membrane stresses, and
stress reversals develop in the deck.

Bridge Deck Durability

Understanding why cracking is a problem is important.
Transverse cracking can cause accelerated corrosion of rein-
forcing steel, deterioration of concrete, leakage onto struc-
tural members and components beneath the deck, and poor
appearance. Only two state DOT's currently require repair of
cracks in new bridge decks.

Wide cracks may be aesthetically unacceptable. Crack
width, lighting conditions, viewing distance, and crack
length affect the appearance of a crack. In some past cases, a
crack width of 0.3 mm (0.010 in.) was regarded as the largest
aesthetically acceptable width.

When concrete cracks in a corrosive environment, embed-
ded reinforcing steel can rapidly corrode. Corrosive chloride
ions and carbon dioxide penetrate through the cracks into the
concrete and to the reinforcing steel. There are many con-
trary opinions relating crack width to corrosion. Some
research studies found a correlation between crack width and
concrete deterioration, but others did not. The following
maximum crack widths are often recommended:

* 0.1 mm (0.004 in.) for severe exposure to deicing chem-
icals or for water tightness,

* 0.2 mm (0.008 in.) for normal exterior exposures or inte-
rior exposures subjected to high humidities, and

* 0.3 mm (0.012 in.) for internal protected structures.

A very wide surface crack that quickly narrows with depth
may not be as detrimental as a narrower surface crack with
parallel sides. During recent investigations on cracked decks,
the authors discovered water leakage through cracks with
surface widths of only 0.05 to 0.20 mm (0.002 to 0.008 in.).
The crack width at the bar depends on the origin of the crack,
amount of cover, stress in the steel, concrete creep, rein-
forcement ratio, arrangement of the bars, bar diameter, and
stress profile in the deck.

The orientation of the exposed reinforcing steel with
respect to a crack is important. Where a crack is transverse
to the reinforcement, only localized corrosion may occur.
Research suggests that corrosion is limited to about 3
bar-diameters away from an intersecting crack, but during
recent laboratory studies, the authors found significant
corrosion as far as 13 bar-diameters [130 mm (5 in.)] away
from the crack location. Concrete subsidence from vibra-
tion and consolidation during construction is common
below the reinforcing steel, and this void below the bar
provides a path for chloride-containing water, and corro-
sion may occur along the bar length even though the
crack is transverse to the bar. However, deck cracking
commonly appears directly over the reinforcing, because
the bars delineate a weakened plane. This increases the
potential for corrosion of reinforcing steel along the length
of the bars, because the crack exposes a large area of the
bar. Where the crack coincides with the bar, the passivity is
lost at many locations and corrosion can proceed at an
increased rate. '

Cracks may reduce the durability of epoxy-coated rein-
forcement. Recent laboratory studies (/) suggest that con-
crete cracking may deteriorate epoxy coatings. These studies
indicate that epoxy coating greatly enhances the corrosion
resistance of reinforcing steel, but corrosion can occur when
coating defects are present. If the deck cracks intersect the
epoxy-coated bar in an area containing a break or holiday in
the coating, corrosion can occur.

Concrete with cracks that allow water penetration can sat-
urate quicker than uncracked concrete. This will reduce the
durability of marginally air-entrained concrete during winter
freezing and thawing conditions. Concrete with reactive or
unstable aggregates will also be less durable because of
cyclic wetting and drying.

Cracked decks subjected to deicing or aggressive solutions
should be repaired to prevent infiltration through the cracks.
Epoxy and high molecular weight methacrylate (HMWM)
resins are used to bond the cracks structurally, by either pres-
sure injection or topical gravity feed. Epoxy injection is com-
monly used for large cracks, and HMWM is commonly used
for fine cracks on bridge decks. If a crack is not structurally
significant, but it moves during cyclic temperature changes
or other causes, it may be treated as a joint, and routed and
sealed with an elastomeric sealant. For most new bridges, it
would be very cost-effective to repair all visible deck cracks
subjected to deicing chemicals.



RESEARCH APPROACH

The research part of this study included a literature search,
a survey of transportation agencies, instrumentation of a
bridge deck replacement, analytical studies, and laboratory
testing.

Literature Review .

The extensive literature review examined relevant domes-
tic and foreign literature, research findings, performance
data, and current practices concerning the causes and pre-
vention of transverse cracking in bridge decks. This review
used major reference databases, the National Technical
Information Service (NTIS), Dialogue, American Concrete
Institute (ACI) abstracts, and technical libraries. The list of
the most relevant articles and papers reviewed are refer-
enced and discussed in Appendix A, which is not published
herein.

The reviewed literature examines the characteristics of
transverse cracking that may accelerate corrosion of rein-
forcing steel, deteriorate concrete, damage structural mem-
bers and components beneath the deck, and detrimentally
affect visual appearance. This project studied the opinions
and research of many authors and committees regarding
harmful crack widths.

Transportation Agency Survey

An extensive survey of transportation agencies determined
the extent of the concrete deck cracking. A survey was sent to
all U.S. DOTs and several transportation agencies overseas to
collect performance data and published or unpublished
reports relating to experience with deck cracking. Many of
these agencies had already conducted surveys on the extent of
longitudinal and transverse cracking in bridge decks. The
results of a North Carolina DOT survey in 1979 and an
AASHTO survey in 1990 are discussed in Appendix B, which
is not published herein. It is apparent from the reviewed liter-
ature and the recent survey that cracking in new bridge decks
is a significant national and international problem.

Laboratory Testing

Because concrete mix design affects cracking, a test pro-
cedure was developed to compare the cracking tendency of
different concretes. A description of the test procedure is pro-
vided in this report. The test results are presented in Appen-
dixes C and D, which are not published herein. In brief, the
test ' measures the time required for a concrete annulus to
crack when an inner steel ring restrains it, similar to the way
steel or concrete girders restrain a deck.

The procedure determines the effects of mix variations on
the time required for cracking to develop. Mix variations

that affect cracking include aggregate type and gradation,
cement type and amount, water content, mineral admixtures,
silica fume admixtures, and chemical admixtures. The pro-
cedure cannot determine when cracking will start in a spe-
cific type of structure, because actual cracking in a structure
depends on many variables including restraint, hydration
effects, and environment. However, the method can deter-
mine the relative likelihood of early concrete cracking, and
aid in the selection of concrete mixes less likely to crack.
The test can also evaluate the effect of environmental and
construction factors by modifying the test environment or
curing procedures.

Bridge Deck Instrumentation

One bridge was instrumented during construction to study,
from casting to post-cracking, the shrinkage and thermal
behavior of a new bridge deck. The Portland-Columbia
Bridge, located between Pennsylvania and New Jersey on
Route 512, was instrumented and tested during its deck
replacement in 1992. Details of the instrumentation and
monitoring system are presented in Apperidix E, which is not
published herein. The information obtained from the bridge
deck instrumentation was compared with theoretical (analyt-
ical) behavior.

Analytical Studies

The analytical studies used conventional and finite ele-
ment analysis techniques to evaluate the influence of vari-
ous factors on deck tensile stresses and cracking. These fac-
tors included concrete drying shrinkage, creep, hydration
temperatures and other thermal effects, position and amount
of reinforcing steel, girder size and spacing, single- and mul-
tispan conditions, age, and other parameters. The individual
and combined effects of material properties and geometries
on stresses in concrete bridge decks were analyzed. This
parameter study analyzed bridges with steel, reinforced con-
crete, precast, prestressed concrete, and cast-in-place, post-
tensioned girders. Simple-span and continuous two-span
structures were studied. Three different temperature condi-
tions (either an increase or a decrease) and two different
deck drying shrinkage profile conditions were studied. For
steel-girder bridges, 2270 combinations of geometry and
materials properties were analyzed for each of the three dif-
ferent temperature change conditions; while 2264 combina-
tions were analyzed for each of the three temperature
changes for the three types of concrete bridge systems. For
drying shrinkage, 1134 combinations were analyzed for the
two different deck shrinkage profiles for each of the steel-
and concrete-girder system bridges. About 18,000 bridge
system scenarios were analyzed. These analytical tech-
niques enabled a comprehensive investigation of the pa-
rameters that affect cracking. Results and details of the ana-



lytical studies are presented in Appendixes F, G, and H,

which are not published herein.

General Remarks

Much of this project focused on the identification, evalu-
ation, and ranking of factors or combinations of factors
that contribute to transverse cracking of new bridge decks.
The factors are categorized by design, materials, and con-
struction. From an understanding of the mechanisms of
bridge deck cracking, methods for crack prevention are pro-
posed.

As part of this project, Guidelines were prepared that
include recommendations to prevent or reduce transverse
cracking in new bridge decks. These Guidelines, published
herein, are designed for the specific needs of bridge design-
ers, contractors, and material engineers. The Guidelines con-
tain recommended practices for design, construction, and

material selection, to reduce the occurrence of transverse
deck cracking.

APPLICABILITY OF RESULTS TO
HIGHWAY PRACTICE

This project was structured to benefit bridge design and
construction immediately. This report and the Guidelines
provide a state-of-the-art review of the factors that contribute
to deck cracking. The Guidelines can be used to modify cur-
rent specifications to reduce cracking.

AASHTO should consider adoption of the proposed
cracking-tendency test. It can be incorporated into contract
specifications or used to identify concrete mixtures and con-
struction procedures that reduce cracking. Because structural
design of bridges, concrete specifications, and available
materials continuously change, this test procedure will be
particularly useful to transportation agencies.




CHAPTER 2
RESEARCH FINDINGS

FINDINGS OF THE SURVEY OF
TRANSPORTATION AGENCIES

A survey was sent to U.S. DOTs and other transportation
agencies to learn current design and construction practice,
and the perceived causes of transverse deck cracks. The
information gained from the survey guided the analytical and
concrete studies for this project.

Findings of Survey of North American
Transportation Agencies

Fifty-two agencies in the United States and Canada
replied to the survey. Sixty-two percent of the agencies
considered early transverse cracking to be a problem, 24
- percent did not consider it a problem, and 14 percent had no
opinion. How DOTs view transverse cracking is shown in
Figure 3. Many states that do not consider transverse
cracking to be a problem nonetheless reported extensive
cracking.

The 52 agencies reported having more than 225,000
bridges. The percentage of decks perceived by these agencies
to be cracked varied widely and averaged 52 percent, with a
standard deviation of 33 percent. Fifteen percent of the agen-
cies believed 100 percent of their decks suffered from trans-
verse deck cracking.

The age at which cracking occurs also varied widely. The
respondents reported, on average, that 42 percent of decks
cracked within the first week (standard deviation 32 per-
cent), 53 percent cracked within the first month (standard
deviation 34 percent), and 68 percent cracked within the first
year (standard deviation 31 percent). Seventy-one percent
visually inspect decks for cracking shortly after construc-
tion, and 4 percent pond the decks with water to check for
cracking.

Thirty-six percent reported cracking primarily over
the top transverse reinforcing bars. Thirteen percent
reported cracking both over and between the transverse top
bars, and only one agency (2 percent) reported cracking
only between the top bars. The remaining agencies (49
percent) did not know if cracks align with the steel rein-
forcement.

Thirty-three percent of the respondents related crack-
ing to the time of day the concrete was placed. Eighty

percent of these believe that cracking is worse with
afternoon placements. Sixty percent believe that less crack-
ing occurs when concrete was cast during the even-
ing. None said that cracking was worse during evening
castings.

Only two agencies limit crack widths in new decks. One
specifies that crack widths should be 0.18 mm (0.007 in.)
or narrower, and the other specifies that not more than 15 m
(50 ft) of cracks should be wider than 0.5 mm (0.020 in.) per
46.5 m? (500 ft?) of deck area. Cracks typically are repaired
using a penetrating sealer, HMWM, epoxy injection, or rout-
ing and sealing.

Most agencies (92 percent) follow AASHTO methods for
design, and 57 percent follow AASHTO construction speci-
fications. Typical structural design geometries were also sur-
veyed. The survey determined the following regarding the
use of different girder types:

* 88 percent design steel girders;

¢ 75 percent design precast,
girders;

* 33 percent design cast-in-place, post-tensioned girders;
and ’

» 27 percent design conventionally reinforced, cast-in-
place concrete girders.

prestressed concrete

Some North American transportation agencies perceived
deck cracking to be worse with steel girders than with con-
crete girders, and some agencies perceived cracking to be
worse in continuous structures than in simply supported
structures.

When steel girders support the deck, studs are commonly
attached to the upper flange of the girder. These studs typi-
cally are 19 or 22 mm (¥s or /s in.) in diameter, 100 to 150
mm (4 to 6 in.) in length, and spaced longitudinally at 300 to
600 mm (12 to 24 in.). Three or four studs are typically used
per row.

Of the transportation agencies responding, 80 percent typ-
ically ‘require epoxy-coated bars, and 73 percent require
epoxy-coated tie wires with epoxy-coated bars.

Two-layer deck construction is rarely used; however,
many of the transportation agencies that use this construction
reported problems with cracking.
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Figure 3. How DOTs view transverse cracking.

Seventy-seven percent construct decks with removable
wood forms, 46 percent use stay-in-place (SIP) steel forms,
and 20 percent use SIP precast concrete forms. A few agen-
cies have stopped using SIP steel forms, but they did not give
their reasons.

Seventy-seven percent specify a pouring sequence for
continuous structures. Several agencies stated that pouring
sequences are incorporated in the structural design.

Maximum permitted air temperatures during concrete
placement vary significantly. Forty percent do not specify a
maximum air temperature, 13 percent specify 27°C (80°F),
11 percent specify 29.5°C (85°F), 20 percent specify 32°C
(90°F), and S percent specify 35°C (95°F). Minimum per-
mitted air temperature during placement also varies signifi-
cantly. Only one responding agency (2 percent) does not
specify a minimum air temperature, 17 percent specify 1.5°C
(35°F), 26 percent specify 4.5°C (40°F), 2 percent specify
7°C (45°F), 11 percent specify 10°C (50°F), and 42 percent
did not respond.

Twenty-nine percent of the agencies specify a maximum
concrete temperature at placement of 27°C (80°F), and 46
percent a maximum concrete temperature of 32°C (90°F).
Eight percent specify a minimum concrete placement tem-
perature of 7°C (45°F), 53 percent specify 10°C (50°F), and
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13 percent specify 15.5°C (60°F). Only 6 percent of the agen-
cies do not allow heating or cooling of aggregates and con-
crete.

Only one agency limits the relative humidity of the air, to
a minimum of 35 percent. Twenty percent stipulate limits on
the evaporation rate. Most specify an evaporation limit of 1
kg/m?/hr (0.2 Ib/ft*/hr), except one agency specifies an evap-
oration limit of 0.75 kg/m¥hr (0.15 Ib/ft*hr); however,
another agency specifies 0.5 kg/m%hr (0.10 Ib/ft*/hr).
Seventy-seven percent believe that wind increases cracking,
while 11 percent do not.

Seventy-one percent stated that contractors always strike-
off the concrete perpendicular to the axis of the bridge, and
13 percent always strike-off parallel to the bridge axis.
Eleven percent limit external vibration from sources such as
traffic during curing.

Curing procedures vary greatly. At the time of the survey,
several agencies specified linseed-oil curing, but its use is
decreasing. Also, the time when curing commenced after
strike-off varied significantly, and many agencies do not use
consistent moist curing procedures. Types of curing, per-
centage of transportation agencies allowing the use of each
type of curing, and the time of application are summarized
below. -
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Type of curing Agency use

. Time of application

Monomolecular film 9 percent

Immediately or as soon as possible

Clear curing compound 17 percent

Immediately or as soon as possible
As soon as the bleed water disappears
Half-hour after strike-off

After tining

Time not specified

Pigmented curing compound 53 percent

Same as for clear curing compound

Fogging 46 percent

Immediately or as soon as possibl
Before strike-off .
During strike-off

Half-hour after strike-off

After initial set

Four hours after strike-off

Wet burlap or fabric. 100 percent

Immediately after strike-off .

As soon as possible

As soon as materials can be placed without
damage to the concrete

As soon as the surface can be walked on
After initial set :
Zero to half-hour

Half-hour

One hour

Four hours (provided curing compound is used
immediately)

The following day

By noon the next day

Not specified

Plastic sheeting 48 percent

The total curing time varied greatly, as shown below.

Cure period Number of agencies
3 days 4 percent
S days 24 percent
7 days 53 percent
10 days 4 percent
14 days 2 percent
Not reported 13 percent

Transportation agencies specify various concrete prop-
erties. Thirteen percent specify a minimum compressive
strength for bridge deck concrete of 24.1 MPa (3500 psi), 48
percent specify 27.5 MPa (4000 psi), 31 percent specify 31.0
MPa (4500 psi), and 8 percent did not report a minimum
strength. Forty-five percent of the agencies specify a maxi-
mum water-cement ratio of 0.44 percent, and 15 percent
specify a maximum water-cement ratio of 0.46. Forty-four
percent and 36 percent of the agencies specify a maximum

Immediately

As soon as possible

As soon as finishing is completed

As soon as materials can be placed without
damage '
Half-hour

One hour

After initial set

Four hours

Next moming

Not specified

concrete slump with-out superplasticizers of 75 mm (3 in.)
and 100 mm (4 in.), respectively. A typical paste to aggre-
gate volume of 0.3 to 0.4 is used. Types I and II cement are
commonly used. Three agencies sometimes specify Type III
cement and one agency specifies Type K expansive cement.

Forty-nine percent specify crushed aggregate and 20 per-
cent specify river gravel. There was significant variation in
the maximum aggregate size; 28 percent specify 20 mm
(0.75 in.), 31 percent specify 25 mm (1 in.), and 20 percent
specify 37.5 mm (1.5 in.). Thirty-one percent specify that
ready-mix supplier should maintain aggregate in a wet con-
dition, and 55 percent do not specify wetted aggregates.
Fifty-five percent use continuous-graded aggregates, and 31
percent use gap-graded aggregate.

Most agencies allow water-reducing admixtures and
retarding admixtures. The percentages of agencies that allow
the use of each admixture are shown below.



Admixture Percent permitting
water-reducing admixtures 93
retarding admixtures 88
superplasticizers 60
accelerators 42
calcium nitrite 26

Of those that use superplasticizers, 58 percent allow job-
site re-dosing. The maximum slump permitted by the agen-
cies using superplasticized concrete varies significantly, as
shown below.

Maximum slump | Percent permitting

125 mm (S in.) 20
150 mm (6 in.) 30
175 mm (7 in.) 20
200 mm (8 in.) 30

Seventy-one percent allow fly ash admixtures, 28 percent
allow silica fume admixtures, and 17 percent allow blast fur-
nace slag admixtures.

Transportation agencies measure compressive strengths
at various ages. Of those responding, 13 percent mea-
sure strengths at 3 days, 44 percent at 7 days, 17 percent
at 14 days, and 75 percent at 28 days. Twenty-two per-
cent of the agencies typically conduct flexural strength
tests to determine the modulus of rupture (MOR), and
almost all agencies test the slump and air content of
delivered concrete. Fifty-seven percent measure the con-
crete unit weight, and 22 percent measure the concrete
absorption.

Transportation agencies do not typically measure the mod-
ulus of elasticity, shrinkage, creep, cracking tendency, and
permeability of concrete. Eight percent measure setting
times, 6 percent measure heat of hydration, and 4 percent test
aggregate for shrinkage. Many agencies do petrographic and
chemical tests on aggregates to assess their suitability for use
in concrete.

The survey also requested comments regarding the trans-
portation agencies’ perception of the causes of cracking in
bridge decks. Survey results are summarized below. Several
causes necessarily overlap; for example, curing practices will
be influenced by environmental conditions such as wind,
temperature, and humidity. The number in parentheses is the
number of responses received that consider the factor to be a
cause of cracking.
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Other factors mentioned included poor construction, over-
finishing, high-slump concrete, high water-cement ratio con-
crete, superstructure type, early form removal, fly ash addi-
tions, and camber or prestress changes.

Overall, there was a significant concern about curing prac-
tices. This is not surprising because this survey shows that
these transportation agencies permit a wide range of curing
procedures. Material factors such as drying shrinkage, plas-
tic shrinkage, amount of cement, and use of retarders are also
of concern to many of these agencies. Environmental condi-
tions such as thermal effects and relative humidity are a con-
cern as well. Construction practices (apart from curing and
environmental conditions) and design practices (apart from
deflections) are not considered major factors.

Findings of Survey of
Overseas Transportation Agencies

This project surveyed several overseas agencies and the
results are summarized in this section.

Australia—The Roads and Traffic Authority in New
South Wales observed early transverse deck cracking in the
early 1980s. The Authority believed that insufficient temper-
ature steel in the decks caused this cracking. Since then, the
Authority has increased the amount of top steel reinforcement
of the decks to 4000 mm?*m? (0.4 percent) of concrete cross
section. This reportedly has significantly reduced cracking.
Reinforcing bars typically are 16 to 20 mm (0.63 in. to 0.75
in.) in diameter, and wet curing is specified. The effect of deck
pour sequence is also considered during the design phase.
Bridge design is based on Australian Standard AS3600, Con-
crete Structures (2), and the National Australian Association
of State Road Authorities Bridge Design Code (3).

Denmark—The Danish Road Directorate, respon-
sible for approximately 2000 bridge decks, considers
transverse cracking to be a minor concern. Most of its bridges
are cast-in-place, reinforced or post-tensioned concrete-
girder designs. The Directorate has observed fine cracks in a
few decks, attributed to temperature gradients and shrinkage.
It has occasionally observed similar cracks in edge beams
cast after the deck. Deck cracking has not required remedial
attention. Top and bottom steel covers are typically 30 mm
(1.2 in.), and a maximum bar size of 25 mm (1 in.) is used.
The top and bottom bars are secured to each other, but are not
aligned. Epoxy-coated bars are not used.

Acceptable crack widths are limited to 0.1 mm (0.004 in.)
for prestressed concrete, and 0.2 mm (0.008 in.) for conven-
tionally reinforced concrete. A visual inspection is conducted

Construction

Materials

Design

improper curing (20)

wind (7)

thermal effects (7)

air temperature (7)

relative humidity (4)

vibration (2)

placement conditions/weather (2)

concrete shrinkage (17)
[S cited drying shrinkage
specifically]

concrete mix design (7)
plastic shrinkage (3)
excessive cement (3)
concrete temperature (3)
use of retarders (2)

deflections (7)
excessive cover (3)
placement sequence (2)



14

after construction. During casting, the Directorate specifies a
minimum air temperature of —5°C (23°F) but not humidity
or evaporation limits.

The Directorate specifies a minimum concrete strength of
35 MPa (5100 psi), a maximum water-cement ratio of 0.45,
and a maximum aggregate size of 32 mm (1.25 in.). It allows
silica fume, fly ash, air-entraining admixtures, and super-
plasticizers. Contractors may cure concrete with clear curing
compounds, wet burlap, or plastic sheeting. The period of
moist curing varies.

Japan—The authors received many surveys and letters
from agencies and universities in Japan. Prof. Kokubu, from
the University of Tokyo, stated that transverse cracking
occurs in concrete slabs in Japan. Preventive measures used
include thorough curing, the use of fly ash and other admix-
tures, and the use of steel fibers.

Mr. Sakai, of the Civil Engineering Research Institute,
Hokkaido Development Bureau, also considers transverse
cracking to be a problem. The design codes of the Japanese
Road Institute, the Hokkaido Development Bureau, and the
Japanese Society of Civil Engineers are used. The typical
acceptable crack width is 0.2 mm (0.008 in.) or less. He has
observed cracking both over and between reinforcing bars.
After construction, decks are visually inspected for cracking.
Cracking is typically worse on continuous-span bridges.

Mr. Sakai suggests that if the casting sequence is not prop-
erly considered, cracking problems will occur. Recom-
mended air temperature at the time of placement is from 5°C
(40°F) to 30°C (85°F). Humidity and evaporation limits for
casting are not specified. He considers windy days more con-
ducive to cracking. Japan requires that bridge decks have a
concrete strength of 24 MPa (3500 psi), and a maximum
water-cement ratio of 0.55. The typical slump specified is
80 mm (3.25 in.), and the maximum aggregate size is 20 to
25 mm (0.75 to 1 in.). Silica fume; fly ash; blast furnace slag;
and air-entraining, water-reducing, retarding, and superplas-
ticizing admixtures are used. Curing periods of more than 3
days are used. Monomolecular film, curing comf)bunds, fog-
ging, and burlap are used for evaporation control and subse-
quent moist curing. Mr. Sakai suggests that besides casting
sequence, other major influences on deck cracking are curing
and settlement of fresh concrete after placing.

Switzerland—The Federal Department of Highways in
Switzerland considers transverse cracking of concrete
bridges to be a problem among its 3000 bridges. The causes
identified are restrained plastic and drying shrinkage. The
Department suggests that transverse cracking cannot be pre-
vented with certainty; however, adequate longitudinal rein-
forcement leads to good crack distribution and limits crack
width to 0.2 mm (0.008 in.) or less, which is considered
acceptable. All bridge decks are treated with a waterproofing
system to prevent the penetration of deicing salts.

FINDINGS OF THE LITERATURE REVIEW

The authors reviewed many reports on transverse cracking
of concrete bridge decks. A list of the reviewed literature is
given in the references.

The literature review shows that both excellent- and poor-
quality bridge decks can be constructed. Deck cracking is not
confined to one geographic location. Cracking generally
becomes more severe with time and is often not visible dur-
ing construction. Efflorescence has been observed on struc-
tures not yet opened to traffic. Decks that are not visibly
cracked when the forms are removed usually develop visible
cracks after traffic is allowed on the structure. Transverse
cracks are commonly observed above the reinforcing bars,
are usually full-depth, and are spaced between 1 and 3 m
(3 and 10 ft) apart.

Cracks as narrow as 0.05 mm (0.002 in.) can allow water
and chloride ion penetration. Transverse cracking can lead
to concrete spalling at intersections with non-transverse
cracks. Early transverse cracking does not occur because of
corrosion, but such cracking may accelerate corrosion. This
deterioration is particularly severe when black reinforcing
bars are used. Researchers have also observed minor corro-
sion damage in epoxy-coated reinforcing bars at crack loca-
tions (4).

The literature review indicates that the most significant
concrete material factors affecting transverse cracking are
cement content, creep, elastic modulus, concrete tempera-
ture during placement, heat generated during hydration,
drying shrinkage, and water content. Aggregate type, min-
eral additions, admixtures, and cement type also influence
cracking.

General recommendations from the literature concerning
concrete material properties to reduce cracking include using
the following:

* Low amounts of cement;

* Good-quality, low-shrinkage aggregates;

* Air entrainment;

* Low drying shrinkage concrete;

* Moderate placement temperatures;

* Means to reduce hydration temperature rise,

* Low water content (water-cement ratio between 0.41
and 0.49); and

* Type II cement.

Several transportation agencies suggested that shrinkage-
compensating cement reduces deck cracking. However,
results of laboratory and field investigations relating
shrinkage-compensating cement and early cracking are
mixed. There is controversy on the use of retarders, accel-
erators, fiber reinforcement, fly ash, and silica fume,
and their roles in deck cracking; further research is
required.

The literature indicates that the major design factors that
affect cracking are restraint, structure type, concrete proper-
ties, and girder type. Other potential factors include
dead-load deflection, concrete cover, span length, and rein-
forcement.

Cracking was found more prevalént on continuous spans
than on simple spans (5). Some researchers found cracking
worse on structures supported by steel girders than on those



supported by concrete girders (5,6); however, cracking has
been observed on both types of structures (5,6). One
researcher (7,8) found cracking worse with precast girders
than with cast-in-place girders, and worse for steel girders
when SIP steel forms are used. Decks supported on wide-
flange steel beams or composite steel plate girders cracked
much more than those constructed on other systems. (5) One
researcher (9) reported that structures with skews greater
than 30 degrees are more susceptible to transverse cracking,
particularly near corners.

General conclusions concerning design parameters in-
clude the following:

* Cracking is more common on steel girder structures.

¢ Continuous-span structures are more susceptible to
cracking than simple-span structures.

 Longer span decks are more susceptible to cracking.

e Thermal stresses may be significant and cause early
cracking.

¢ Dead-load deflections during construction should be
considered during design.

» Cover over reinforcement should be between 25 mm
(1 in.) and 76 mm (3 in.).

» Decks should not be less than 200 to 230 mm (8 to 9 in.)
thick.

» Use of epoxy-coated bars increased the width of deck
cracks.

* More bars of smaller diameter reduce crack widths.

« Increasing the amount of reinforcement may reduce the
crack widths.

The literature indicates that weather during construction
affects cracking. Adverse conditions include high winds,
extreme low and high temperatures, and low humidity. Con-
crete should not be placed during periods of high evapora-
tion, unless evaporation retarder films, sun shades, wind
breaks, and fogging are used. Casting at night significantly
reduces deck cracking (6,9), and afternoon placements are
most likely to crack.

The transportation agencies most commonly cite in-
adequate curing as the major cause of deck cracking. Effec-
tive curing should commence as soon as possible. Evapo-
ration film retarders or fogging applied even before
finishing can significantly reduce the number of small deck
cracks that form during hot or cold conditions. Wet curing
should be considered during hot weather to cool the con-
crete and reduce peak concrete temperatures. The period of
moist curing should be at least 14 days. A survey of pave-
ments cured with clear membranes found that cracking
occurred predominantly in pavements laid in morning
hours (10).

Pour size and pour sequence were not considered signifi-
cant in affecting transverse cracking (9, 17). Traffic-induced
vibrations during hardening were also not found detrimen-
tal (7,8,12,13). Adequate initial vibration is necessary to
prevent settlement cracking. Construction personnel should
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also be aware of cracks in plastic concrete during finishing.
These may be revibrated and closed while the concrete is
still plastic.

Each material, design, and construction factor is described
in detail later in this chapter, including the findings of all por-
tions of this study as they relate to each factor.

FINDINGS OF THE FIELD STUDIES

An extensive instrumentation and monitoring system
was designed and installed on the Portland-Columbia
Bridge between Pennsylvania and New Jersey. This sys-
tem measured strains and temperatures in the bridge deck
and girders, starting when the new deck concrete was
cast and continuing for several months. The system also
monitored environmental conditions. The collected data in
the field studies were analyzed in detail in the analytical
studies.

Many concrete test cylinders were made from the con-
crete used in the new deck. Concrete compressive and split-
ting tensile strengths, modulus of elasticity, and unre-
strained free-shrinkage properties were measured at various
times. The deck concrete was a 0.41 water-to-cement ratio
concrete that produced a nominal 28-day compressive
strength of 31.0 MPa (4500 psi). A high range water reduc-
ing admixture (HRWRA) was used and the stump was 130
to 190 mm (5 to 7/: in.). By combining measurements of
deck strain, temperature, environment, concrete properties,
and incidence of cracking, valuable information was
obtained about the changing state of strain and other
conditions.

The data collected do not necessarily reflect conditions
at other bridge decks. However, the data collected veri-
fied that theoretical analysis (1) can predict actual behavior
and (2) provides a better understanding of early bridge
behavior.

The Portland-Columbia Bridge opened in 1953. It carries
two lanes of traffic across the Delaware River between Port-
land, Pennsylvania, and Columbia, New Jersey. It is owned
and operated by the Delaware River Joint Toll Bridge Com-
mission (DRITBC), Morrisville, Pennsylvania.

The bridge consists of eight spans of 45 m (147 ft 6 in.),
two end spans of 19.3 m (63 ft 4 in.), and a west abutment
span of 12.8 m (42 ft 2 in.). The girders in all spans are sim-
ply supported. The superstructure consists of four built-up
riveted steel girders spaced 2.6 m (8 ft 8 in.) apart, and a 200-
mm (8-in.) thick, reinforced concrete deck. Total width of the
original bridge deck was 9.7 m (32 ft), consisting of a 7.6-m
(25-ft) wide roadway, a 1.5-m (5-ft) wide south sidewalk
and a 0.6-m (2-ft) wide north sidewalk. Because of an ever
increasing incidence of bridge deck delamination, the
DRITBC decided in 1991 to replace the original bridge deck
and make other improvements.

The new deck is also 9.7 m (32 ft) wide, consisting of an
8.8-m (29-ft) wide roadway and 460-mm (1-ft 6-in.) wide
“New Jersey” barriers along the north and south edges. The
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new deck is 200- to 250-mm (8- to 10-in.) thick. It is rein-
forced with two layers (top and bottom) of 20-mm (No. 6)
bars placed 180 mm (7 in.) on-center in the transverse
direction, a bottom layer of 16-mm (No. 5) bars at 220-mm
(8”21n.) spacing in the longitudinal direction, and a top
layer of 16-mm (No. 5) bars at 290-mm (11%:-in.) spacing
in the longitudinal direction. The reinforcing bars are
epoxy-coated. Between the girders the new deck is cast on
SIP steel deck forms; elsewhere, it is cast on plywood
forms.

The Portland-Columbia Bridge is ordinary in most
respects, with the possible exception of its light traffic vol-
ume. This bridge is representative of many steel girder
bridges, especially those in similar geographical regions.

In addition to measuring the strain of restrained concrete
ring and free-shrinkage prism specimens, instrumentation
was installed to measure the following:

+ Strain and temperature in the concrete deck,

« Strain and temperature of the steel girders,
 Rotation of a steel girder at its bearings,

* Wind speed and direction,

* Air temperature and relative humidity,

* Solar radiation and water evaporation rate, and
* Vibration.

To study the thermal behavior of the Portland-Columbia
Bridge, data were recorded during three time periods. The
first period consisted of the first 4 days after casting, during
which significant heat of hydration developed; the largest
temperature differences and gradients occurred during this
period. The second period consisted of the first 21 days,
when wet curing stopped at the eighth day and the concrete
matured. The third period consisted of 7 days when the
concrete was approximately 1 month old, during which it did
not rain and temperatures cycled similarly each day. The
shrinkage-behavior study examined all data but did not
examine a specific period. Traffic was not allowed onto the
bridge until June 26, 1992 (day 43).

The largest temperature changes in the Portland-Columbia
Bridge occurred within 48 hrs from the time the concrete
deck was placed. During the first 12 hrs, temperatures in the
new deck climbed from 27°C (80°F) to as high as 55°C
(131°F) from the exothermic reaction of the cement. Tem-
peratures in the deck varied substantially along the length
and across the width of the bridge.

After 48 hrs, the temperature differentials had substan-
tially dissipated, along with the measured strain differentials
in the restraining steel members. Creep of the young concrete
had dissipated most, but not all, of the strain caused by hydra-
tion temperatures. Concrete compressive strengths at 6, 11,
and 27 hrs were about 1.2 MPa (180 psi), 10.8 MPa (1600
psi) and 16.1 MPa (2300 psi), respectively.

A similar temperature decrease then followed this hydra-
tion temperature increase, as the concrete cooled to temper-

atures equal to ambient air temperature. This temperature
drop caused tensile stresses in the hardened concrete, as the
steel girders, reinforcing bars, and SIP metal deck restrained
the thermal contraction. Concrete strength at 48 hrs was
about 18.0 MPa (2600 psi) and the concrete modulus of elas-
ticity was about 19.3 GPa (2.8 X 10° psi). This modulus
value at 48 hrs was already 82 percent of the 28-day modu-
lus of elasticity, an important factor in development of
restrained tensile stresses resulting from thermal contractions
and subsequent drying shrinkage.

About 2 days after placement, temperatures in the bridge
were nearly uniform, but strain and stresses were not; cracking
did not occur because thermal stresses did not yet exceed the
tensile strength of the concrete. About 4 days after placement,
strains in the deck became nearly uniform as creep of the young
concrete dissipated most of the early nonuniform thermal
effects. It is unlikely that early thermal stresses alone caused
cracking of the Portland-Columbia Bridge, because later crack-
ing was nearly uniform along the length of the bridge and was
not limited to specific areas that had extreme temperatures. If a
bridge deck does not crack within the first few days after place-
ment, creep may reduce thermal stresses caused by hydration.
However, these early stresses may cause micro-cracking and
weakening of the young concrete, contributing to later crack-
ing from other temperature changes and shrinkage.

Visual examinations of the upper surface of this moist-
cured concrete deck revealed that significant cracking of
this surface first occurred between June 9 and July 2, 1992,
(days 26 and 49) after 18 to 41 days of air drying. How-
ever, strains recorded by the strain gages on the embedded
reinforcement show that cracking probably occurred
below the top surface—by May 26 (day 12), after only 4 days
of air drying—but had not yet propagated to the upper sur-
face. The strain gages on the reinforcement provided the best
indication of when cracking occurred, because the Carlson
gages embedded in the concrete did not record the same sud-
den strain changes. The strain gages on the reinforcement sug-
gested that additional cracking over the interior girder con-
tinued to occur from July 9 (day 56) through July 20 (day 67),
moving from midspan toward the ends. When cracking was
suspected at 12 days, the concrete modulus of elasticity was
about 21.4 GPa (3.1 X 10° psi) and represented 90 percent of
the 28-day modulus of 23.6 GPa (3.4 X 10° psi).

The instrumented span and two adjacent spans were visu-
ally inspected on day 98 for crack widths and number of
cracks. Sixteen to 17 major transverse cracks were found on
the top surface of each of these three spans. The SIP steel
forms prevented bottom surface inspection. The crack widths
of 11 of the 16 major transverse cracks on the instrumented
span were measured. The average top surface crack width
was 0.178 mm (0.007 in.), with a standard deviation of 0.046
mm (0.0018 in.). The average spacing between major cracks
was 1.7 m (5.6 ft), with a standard deviation of 0.52 m (1.7
ft). The nominal 12-m (40-ft) crack spacing in the central
region between cracks was not used in determining the aver-



age crack spacing. The central 12-m (40-ft) region of the
instrumented span did not contain major transverse cracks
but did contain small hairline transverse cracks that were rel-
atively short and did not cross the deck. '

The restrained concrete ring specimens, cast when the deck
of the Portland-Columbia Bridge was placed, cracked when
they were 36 days old. This time coincides with when the
upper surface of the bridge deck became visibly cracked. This
correlation suggests that cracking of the Portland-Columbia
Bridge was caused primarily by shrinkage, because the ring
specimens showed that thermal stresses were negligible and
shrinkage caused cracking. Also, the early thermal strains in

the deck and reinforcement dissipated because of creep. The -

correlation between the bridge deck and rings suggests that the
ring test can predict when a bridge deck will crack. This cor-

relation between deck cracking at 26 to 49 days and ring crack-

ing at 36 days is supported by the results of the analytical stud-
ies and the concrete ring studies. The restrained concrete ring
studies show that for a reasonable linear-shrinkage strain dis-
tribution through the concrete ring, the degree of restraint is
about 70 percent. The analytical studies of actual bridges show
that the following degrees of restraint occur for a reasonable
linear-shrinkage strain distribution through the bridge deck:

» Steel girders typically restrain between 85 and 95 per- -

cent of the curvature effects.

» Concrete girders typically restrain 75 to 95 percent of

the curvature effects.

» Larger girders restrain more curvature than small gird-
ers. '

 Because of interface shear, the final degree of restraint
in the deck is less than the curvature restraint suggests.

« Large steel or concrete girders can restrain about 60 per-
cent of the free-strain at the upper surface of the deck,
and smaller girders often restrain 35 to 45 percent of the
free-strain at the upper surface. A

* When linear free-strains are applied to most decks,
bending stresses are larger than membrane stresses, and
stress reversals develop in the deck.

Because the Portland-Columbia Bridge was built with
large steel girders, the actual degree of restraint was proba-
bly about 60 percent, similar to the 70 percent offered by the
steel ring. Therefore, similar cracking behavior could be
anticipated. '

The field data were used to develop and test the analyti-

cal models, as discussed in detail within the analytical

studies.

FINDINGS OF THE ANALYTICAL STUDIES

Background

Longitudinal tensile stresses in a concrete deck cause -

transverse cracking. These stresses are largely caused by
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concrete shrinkage and changing bridge temperatures, and
to a lesser extent by traffic. Bridge designers rarely exam-
ine nonuniform shrinkage and temperature effects in
design.

Systems of equations were derived to calculate stresses
in a composite reinforced concrete bridge subjected to uni-

. form and linear temperature and shfinkage conditions. The

equations consider multiple layers of reinforcement in
the deck to account for the restraint effects of longitudinal
deck reinforcement and a stay-in-place metal deck.
Theoretical behavior predicted with these equations com-
pared favorably with measured behavior of the Portland-

- Columbia Bridge. Although measured strains and tempera-
. tures across the width and length of the bridge were not uni-

form, average measured strains are similar to theoretical

" strains when appropriate concrete properties and shrinkage

rates are applied. Therefore, the elastic equations can esti-
mate average shrinkage and thermal stresses in a bridge, but
actual stresses across the width and along the length
will vary.

Using these systems of equations, designers can evaluate
different designs and can select designs that reduce deck
stresses and cracking. Because deck stresses and cracking are
affected by the combination of geometry and material prop-
erties, this project examined shrinkage or thermal stresses in
more than 18,000 bridge comibinations of geometry and
materials. This parameter study examined the stresses caused
by uniform and nonuniform shrinkage and temperature
changes in bridges, and determined how bridge geometry
and material properties affect these stresses and the risk of
transverse cracking.

Elastic stresses corresponding to a given strain are
linearly proportional to the modulus of elasticity of
the material. The modulus of elasticity of concrete is
usually measured by using ASTM C469 procedures,
before creep affects strains. This modulus of elasticity
is appropriate to analyze short-term loading, but is in-
appropriate to analyze long-term strains such as shrinkage
due to creep. When analyzing sustained strains, a lower
modulus of elasticity is appropriate to calculate stresses
and account for creep. This modulus of elasticity is
called the “effective modulus of elasticity.” The analytical
studies examined effective concrete moduli between
3.4 and 31 GPa (0.5 and 4.5 X 10° psi). The lowest
value can characterize fresh concrete before it has crept,
or it can model mature low-strength concrete with moder-
ate or high creep. The larger value can represent mature
concrete with little or no creep. An intermediate modulus of
elasticity can represent mature concrete with low or
moderate creep, or a high-strength concrete with moderate
creep.

Shrinkage and temperature change can cause large
tensile stresses in bridge decks. This project’s parameter
study found that decks of simply supported bridges with

. steel girders could develop stresses as large as the fol-

lowing:
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Applied temperature or shrinkage,
simply supported steel-girder bridge

Maximum Deck Stresses

Tension

Compression

28°C (50°F) uniform increase, full section

1.9 MPa (284 psi)

1.5 MPa (221 psi)

28°C (50°F) uniform decrease, full section

1.5 MPa (221 psi)

1.9 MPa (284 psi)

28°C (50°F) uniform increase, deck section only

2.2 MPa (313 psi)

5.9 MPa (861 psi)

28°C (50°F) uniform decrease, deck section only

5.9 MPa (861 psi)

2.2 MPa (313 psi)

28°C (50°F) linear increase, deck section only

5.9 MPa (851 psi)

9.3 MPa (1352 psi)

28°C (50°F) linear decrease, deck section only

9.3 MPa (1352 psi)

5.9 MPa (851 psi)

100 pe uniform shrinkage

1.9 MPa (279 psi)

0.6 MPa (86 psi)

100 pe linear shrinkage

2.8 MPa (407 psi)

1.6 MPa (238 psi)

500 pe uniform shrinkage

9.6 MPa (1395 psi)

3.0 MPa (430 psi)

500 pe linear shrinkage

Similarly, shrinkage and thermal stresses
in the deck of a simply supported bridge

Applied temperature or shrinkage,
simply supported concrete-girder bridge

14.0 MPa (2035 psi)

8.2 MPa (1190 psi)

with concrete girders can be as large as the
following:

Maximum Deck Stress

Tension Compression

28°C (50°F) uniform increase, full section

0.69 MPa (100 psi) | 1.38 MPa (200 psi)

28°C (50°F) uniform decrease, full section

1.38 MPa (200 psi)

0.69 MPa (100 psi)

28°C (50°F) uniform increase, deck section only

2.59 MPa (375 psi)

7.89 MPa (1144 psi)

28°C (50°F) uniform decrease, deck section only

7.89 MPa (1144 psi)

2.59 MPa (375 psi)

28°C (50°F) linear increase, deck section only

5.70 MPa (827 psi)

10.2 MPa (1480 psi)

28°C (50°F) linear decrease, deck section only

10.2 MPa (1480 psi)

5.70 MPa (827 psi)

100 e uniform deck shrinkage

2.42 MPa (351 psi)

0.72 MPa (104 psi)

100 pe linear deck shrinkage

3.0 MPa (441 psi)

1.5 MPa (219 psi)

500 pe uniform deck shrinkage

12.1 MPa (1755 psi)

3.59 MPa (520 psi)

500 jee linear deck shrinkage

Bridges with concrete girders are af-
fected more by continuity over bridge sup-
ports than bridges with steel- girders.
Because steel girders typically restrain
more free-curvature of a deck than concrete

Applied temperature or shrinkage,
multispan steel girder bridges

15.2 MPa (2205 psi)

7.55 MPa (1095 psi)

girders, the bridge supports usually will
restrain less curvature with steel girders.
The following stresses can develop in the
deck of a continuous-span bridge with steel
girders:

, Maximum Total Stress

Tension

Compression

28°C (50°F) uniform increase, full section

2.0 MPa (291 psi)

1.55 MPa (225 psi)

28°C (50°F) uniform decrease, full section

1.55 MPa (225 psi)

2.0 MPa (291 psi)

28°C (50°F) uniform increase, deck section only

1.38 MPa (200 psi)

6.08 MPa (882 psi)

28°C (50°F) uniform decrease, deck section only

6.08 MPa (882 psi)

1.38 MPa (200 psi)

28°C (50°F) linear increase, deck section only

0.10 MPa (14 psi)

9.73 MPa (1412 psi)

28°C (50°F) linear decrease, deck section only

9.73 MPa (1412 psi)

0.10 MPa (14 psi)

100 pe uniform shrinkage

1.96 MPa (284 psi)

0.39 MPa (57 psi)

100 pe linear shrinkage

2.91 MPA (422 psi)

0.13 MPa (19 psi)

500 pe uniform shrinkage

9.78 MPa (1420 psi)

1.96 MPa (285 psi)

500 pe linear shrinkage

14.54 MPa (2110 psi)

0.59 MPa (95 psi)



Similarly, decks of continuous-span
bridges with concrete girders can develop
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the following stresses:

Applied temperature or shrinkage, Maximum Total Stress

multispan concrete girder bridges Tension Compression
28°C (50°F) uniform increase, full section 0.27 MPa (39 psi) 2.25 MPa (327 psi)
28°C (50°F) uniform decrease, full section 2.25 MPa (327 psi) 0.27 MPa (39 psi)
28°C (50°F) uniform increase, deck section only none 13.5 MPa (1958 psi)
28°C (50°F) uniform decrease, deck section only [13.5 MPa (1958 psi) none

28°C (50°F) linear increase, deck section only none 13.6 MPa (1969 psi)
28°C (50°F) linear decrease, deck section only 13.6 MPa (1969 psi) none

100 pe uniform shrinkage 3.86 MPa (560 psi) none

100 pe linear shrinkage 3.88 MPa (563 psi) none

500 pe uniform shrinkage 19.29 MPa (2800 psi) none

500 pe linear shrinkage 19.40 MPa (2815 psi) none

Deck Shrinkage Stresses

Deck shrinkage stresses in simply sup-
ported spans are generally higher on steel-
girder structures than those on concrete-
girder structures. Deck shrinkage stresses
are typically lowest in a monolithic cast-in-
place bridge, where both the deck and gird-
ers shrink together. A bridge deck sup-
ported by precast, prestressed girders may
develop more or fewer shrinkage stresses
than the monolithic non-prestressed con-
crete bridge, depending on the shrinkage
and creep of the precast girders and the age
of the precast girders when the concrete
deck is cast.

When the concrete deck shrinks relative
to its girders in a simply supported span,
500 pe uniform shrinkage of the concrete
deck may cause tensile stresses as large as
9.65 MPa (1400 psi) in the deck of a steel
girder bridge and 12.4 MPa (1800 psi) in
the deck of a concrete bridge, depending
on geometry and material properties;
maximum stresses from a linear shrinkage
profile, where 500 pe occurs at the top
and zero pe at the bottom, are slightly
larger. These stresses can cause transverse
cracking.

Additional shrinkage stresses develop
over the interior supports of continuous-
span bridges. These additional tensile
stresses are generally small in most bridges
with steel girders. When concrete girders
are used, these additional stresses are also
generally small when the girders and deck
shrink uniformly with depth. However,
when differential shrinkage occurs be-

tween the concrete girders and the deck,
total tensile stresses over the interior sup-
port may reach nearly 13.8 MPa (2000 psi)
for differential shrinkage of 500 pe, some-
times substantially larger than the stresses
away from the support.

Hydration Temperature
Stresses

Thermal stresses from early hydration
temperatures are largest in a steel girder
bridge, or in a concrete bridge when the
deck is cast separately from the girders. A
28°C (50°F) temperature change in the deck
relative to the girders can cause stresses
greater than 1.38 MPa (200 psi) when the
concrete has an early effective modulus of
elasticity of only 3.5 GPa (0.5 X 10° psi),
and greater than 6.89 MPa (1000 psi) when
the early effective modulus is 17.2 GPa (2.5
X 108 psi).

Diurnal Temperature Stresses

For most bridges, diurnal temperature
changes produce larger thermal stresses
than a seasonal temperature change pro-
duces. The parameter study analyses
revealed that a linear (nonuniform) temper-
ature change in the deck typically causes
larger stresses than a uniform temperature
change. For example, for most bridges, a
linear temperature change in the deck of
28°C (50°F) from the upper surface to the
soffit surface will produce larger stresses
than a uniform 28°C (50°F) temperature
change in the deck.



20

In a simply supported bridge, thermal tensile stresses from
a 28°C (50°F) linear temperature change in the deck may
reach 9.31 MPa (1350 psi) with steel girders, and 10.2 MPa
(1480 psi) with concrete girders. Diurnal thermal stresses are
often larger over the interior supports of a continuous span
structure. Thermal tensile stresses above these interior sup-
ports may exceed 9.65 MPa (1400 psi) with steel girders and
13.8 MPa (2000 psi) with concrete girders. All these stresses
are sufficient to cause transverse deck cracking, especially
over interior supports of a continuous-span structure.

Seasonal Temperature Stresses

Stresses from seasonal temperature changes are smalil or
negligible in concrete bridges because both deck and girders
typically have similar or the same thermal expansion coeffi-
cients. Deck stresses in concrete bridges caused by seasonal
(uniform full-depth) temperature changes occur only because
of expansion differences of the concrete and deck reinforc-
ing steel.

When steel girders support the concrete deck, seasonal
temperatures will cause thermal stresses when the con-
crete does not have the same thermal expansion rate as
the steel. Because most concrete has a lower coefficient of
thermal expansion than steel has, uniform seasonal temp-
erature decreases will generally cause compressive stresses
to develop in the deck, and uniform temperature increases
will cause tensile stresses in the deck. A uniform full-depth
temperature change in a steel bridge may cause stresses as
large as 1.96 MPa (284 psi) in a simply supported span, and
2.01 MPa (291 psi) over interior supports of a continuous
bridge.

Factors Affecting Shrinkage and
Thermal Stresses

Many factors affect shrinkage and thermal stresses. The
primary factors include the concrete material itself, the
geometry of the bridge, construction techniques, and the
bridge environment.

Shrinkage stresses are generally linearly proportional to
the shrinkage of the concrete. When shrinkage doubles,
shrinkage stresses also may double if creep effects are simi-
lar. Concrete with a lower shrinkage will develop lower
shrinkage stresses.

Thermal stresses from seasonal (full-depth) tempera-
ture changes are linearly proportional to the differences
between material thermal expansion coefficients. For diur-
nal temperature changes affecting temperatures in the deck
more than in the girders, thermal stresses are proportional
to the concrete coefficient of thermal expansion. Because
diurnal thermal stresses are generally larger than seasonal
thermal stresses, combined thermal stresses usually
increase when the concrete coefficient of thermal expan-
sion increases.

Concrete aggregates affect shrinkage and thermal stresses,
and therefore transverse deck cracking. Aggregates with a

lower modulus of elasticity decrease the modulus of elastic-
ity of the concrete, and the shrinkage and thermal stresses.
These aggregates also often increase creep, further reducing
shrinkage stresses. More thermally conductive aggregates
may reduce thermal gradients within the deck, lowering ther-
mal stresses.

Shrinkage stresses are affected less by geometry than by
material properties. Generally, larger deck stresses develop
with deep girders at a narrower spacing and with thinner
decks. Deck reinforcement has a small effect on thermal
stresses in the deck, typically increasing thermal and shrink-
age stresses slightly. Steel studs or channels used with steel
girders locally increase average deck stresses and may
increase transverse deck cracking. A SIP steel form will (1)
cause deck shrinkage that is more linear (nonuniform) than
uniform, (2) produce larger tensile stresses at the upper sur-
face of the deck, and (3) may increase the risk or severity of
transverse deck cracking.

FINDINGS OF THE
CRACKING-TENDENCY TESTING

This project developed a cracking-tendency test to com-
pare various concrete mixtures, curing, and environmental
factors.

Background

Others have used many different test configurations, rang-
ing from restrained linear prisms to thick concrete rings, to
investigate shrinkage and cracking of different concretes.
The authors investigated the limitations of the different test
methods to determine the most suitable test for future use.
The threaded rod linear-type prism system originally used by
Carlson (/4) is limited because it requires a bond between the
concrete and the rod. Because time is required to develop the
bond, and because only about 50 percent restraint develops,
it is difficult to determine the effects of plastic shrinkage and
autogenous volume changes. Carlson (/4) and other
researchers (15,16) successfully used a ring test to indicate
whether a particular concrete mixture is susceptible to crack-
ing. This type of test best predicts cracking, and was used for
this project to study the cracking tendency of various con-
cretes.

Past research suggests that the type of coarse aggregate
and cement content are factors that significantly affect crack-
ing. This past research also found that high early strength
cements and aluminous cements increased cracking, as did
increased strength, superplasticizers, and silica fume. Pro-
longed curing and air entrainment reduced cracking.

The authors investigated the susceptibility of restrained
concrete to cracking analytically using equations presented
by ACT 209. Analyses found that two of the most important
materials factors affecting cracking are the concrete modulus
of elasticity and creep. Recently there has been a trend to use
concretes with high compressive strengths that also have



high elastic moduli and low creep. These concretes develop
higher stresses from restrained shrinkage and thermal effects
and are more prone to cracking.

Testing

The cracking tendency of 39 concrete mixtures was
investigated using a restrained shrinkage test consisting of
a75-mm (3-in.) wide, 150-mm (6-in.) tall concrete ring cast
around a 19-mm (¥+-in.) thick section of steel tubing with
an exterior diameter of 300 mm (12 in.). This steel ring pro-
vides about 70 percent restraint when a linear free-strain
distribution for shrinkage is assumed through the concrete.
The steel tubing was instrumented with electrical strain
gages sampled every 30 minutes to detect first cracking,
indicated by an abrupt loss of compressive strain in the steel
tubing. The concrete rings were also visually examined for
cracking. The effects of many factors such as water-to-
cement ratio, cement content, aggregate size and type,
superplasticizer, silica fume, set accelerators and retarders,
air entrainment, cyclic temperature, evaporation rate, cur-
ing, and shrinkage-compensating cement concretes were
investigated.

Except where noted, all mixtures used the same granitic
gravel and natural river sand from Eau Claire, Wisconsin,
and cement from the same supplier. All mixtures had the
same mortar (cement + sand + water) volume, coarse aggre-
gate proportions, and gradation except when the gradation
was altered to investigate the effect of coarse aggregate type
and size.

Along with the rings, corresponding compressive
strength cylinders and free-shrinkage prisms were cast
according to ASTM C192 and C127, respectively. Com-
pressive strengths were measured at 7 and 28 days. All free-
shrinkage specimens remained in the 22°C (72°F) 50 per-
cent relative humidity environment for the duration of
testing and were measured periodically. Ring strains were
periodically analyzed, and detailed visual inspections were
done after large strain changes occurred. Once a concrete
ring cracked, the initial crack width was measured and the
ring was monitored for at least one additional week. Then,
the crack width was measured again, the ring was pho-
tographed, and the concrete was removed to allow the steel
inner-ring to be cleaned for reuse.

The first group of tests investigated the effect of water-
cement ratio and cement content on cracking. Eleven mixes
were cast with cement contents of 280, 390, or 500 kg/m?
(470, 658, or 846 Ib/yd*), and water-cement ratios of 0.30,
0.35, 0.40, 0.44, or 0.50. The cracking tendency of the con-
crete generally increased as the cement content increased
and the water-cement ratio decreased. The mixes that per-
formed best had essentially no slump, low cement contents,
and low water-cement ratios but required excessive com-
paction for proper consolidation. Free-shrinkage was
directly proportional to the paste content. The relationship
between paste content and free-shrinkage is more distinct
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than that between paste content and the restrained ring
cracking tendency. This reflects the difficulty in predicting
cracking, which is affected by the complex interaction of
restrained shrinkage, strength and modulus of elasticity
development, and creep, factors not influencing free-
shrinkage significantly.

Tests investigated the effect of shrinkage-compensating
materials and mineral admixtures on cracking. Three con-
crete mixes were produced: one with a Type K cement, one
with a commercially available expansive additive, and one
with a 28-percent replacement of cement with a Type F fly
ash. These mixes had cement contents of 390 kg/m® (658
1b/yd?®) and water-cementitious ratios of 0.44. The rings cast
with Type K expansive cement cracked much later than the
control concrete, and distinct wide cracks did not develop.
The rings cast with the expansive additive cracked much later
than the control mix, although a distinct crack eventually
formed. The specimens with fly ash cracked slightly later
than the control specimens.

Chemical admixtures, including HRWRAs, set accelera-
tors and retarders, and air-entraining admixtures were
investigated using seven mixes. The mixes had cement
contents of 278 or 390 kg/m?* (470 or 658 1b/yd?), and water-
cementitious ratios of 0.44 or 0.35. All mixes were com-
pared to companion concretes with the same mix propor-
tions.

Except for the no-slump concrete (278 kg/m* or 470
Ib/yd?®, 0.35 water-cement ratio), the addition of HRWRA
delayed cracking, even when silica fume was used. This con-
tradicts reviewed literature. On average, concretes with
accelerators or retarders cracked slightly sooner than control
specimens, but high inter-ring variability precludes the draw-
ing of any conclusions regarding the effect of these admix-
tures. Also, contrary to research by others, air entrainment
did not significantly affect cracking.

Two mixes with silica fume were tested: one with a
HRWRA and the other without. These mixes used a 7.5
percent addition of silica fume to the control mixes
containing 390 kg/m® (658 1b/yd*) of cement and a water-
cement ratio of 0.35. The addition decreased the water-
cementitious ratio to 0.33. The mixes containing silica
fume cracked earlier than the companion mixes without sil-
ica fume.

Aggregate type had the most dramatic effects on crack-
ing. The authors investigated four different aggregates. The
aggregate types and sizes by ASTM C33, Standard Speci-
fication for Concrete Aggregates, were No. 8 (9.5-mm [s-
in.] maximum size) lightweight-expanded shale, No. 56 (25
mm [1 in.]) crushed limestone, No. 8 trap rock, and No. 7
(12.5-mm [Y>-in.]) graded Eau Claire river gravel. These
mixes were compared with a companion concrete using a
cement content of 390 kg/m® (658 Ib/yd®) with a water-
cement ratio of 0.44. The companion control concrete used
a 19 mm (0.75 in.) maximum aggregate, classified as size
No. 67.

The performance of the concrete rings made with No.
56 crushed limestone was unique. These rings did not
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develop any distinct cracks but showed many barely visible
surface cracks around the perimeter. These cracks penetrated
only about 25 mm (1 in.) into the concrete ring, did not
extend to the steel ring, and could only be seen when alcohol
was sprayed on the concrete ring. These steel rings under-
went a slow gradual loss of compression strain. The rings
were dismantled after approximately 280 days, after strains
stabilized. This concrete had a moderately high modulus of
elasticity of 34 GPa (4.93 X 10° psi), similar to the control
35 GPa (5.08 X 10° psi), but performed differently because
it was crushed and had a slightly larger maximum size.

In contrast to the limestone rings, the lightweight-con-
crete rings developed large external cracks with no loss in
steel ring strain. Only a change in the slope of the steel ring
strain-time curve was noted, probably because of the
extremely low modulus of elasticity of the lightweight con-
crete, 14 GPa (2.07 X 10° psi), which limited shrinkage
stresses. When the crack formed, the low stored energy was
partially dissipated in cracking and absorbed through aggre-
gate interlock across the crack, and by friction between the
concrete and steel ring.

Specimens made with the hard trap rock aggregate had an
elastic modulus similar to the control concrete, approxi-
iately 28 GPa (4.08 X 10° psi), but cracked much later (32
days) than the control concrete (20 days). Another major dif-
ference between the aggregates was shape, with the trap rock
being angular and the Eau Claire control concrete aggregate
being well-rounded.

Curing duration was investigated using seven concrete
mixes subjected to curing regimes including: no curing, 6-hr
delayed curing, 60-day wet curing, and thermally insulated
curing. The different curing conditions were tested on high-
and low-cracking-tendency concrete mixes selected from the
mixes used to investigate the effect of mix proportions on
cracking. The low-cracking-tendency concrete had a cement
content of 278 kg/m> (470 1b/yd®) and a water-cement ratio
of 0.50. The high-cracking-tendency concrete had a cement
content of 500 kg/m® (846 1b/yd®) and a water-cement ratio
of 0.35.

The rings that were not cured (they were stripped out of the
forms immediately after reaching final set) cracked quicker
than the control specimens for both the high- and low-crack-
ing-tendency mixes. No difference was noted for the 6-hr
delayed curing concrete, although the geometry of the test
specimens effectively prevented the elimination of evapora-
tion from the concrete test surface during and before initial set.

Extending the wet curing to 60 days delayed cracking of
the high-cracking-tendency mixes, but showed mixed results
for the low-cracking-tendency mix. The effect of insulating
the concrete after reaching peak-hydration temperature in
order to slow heat loss was inconclusive.

The effect of evaporation rates was tested on the high- and
low-cracking-tendency mixes described above. The testing
was done by placing the concrete rings—24 hrs after cast-
ing—in an environment with an evaporation rate of 0.96
kg/m?/hr (0.20 1b/ft¥/hr). The rings were cured in the forms

under saturated burlap for 24 hrs before the forms were
stripped. This precluded the development of plastic shrinkage
cracks in the surface of the concrete. Rings placed in the high-
evaporation-rate chamber cracked much earlier than compan-
ion rings placed in an environment with a lower evaporation
rate of 0.15 kg/m?hr (0.03 1b/ft?hr). This result agrees with
the findings of previous work, which linked the higher-evap-
oration shrinkage rates to earlier cracking. Strength develop-
ment is not very dependent on the evaporation rate. Larger
shrinkages cause larger shrinkage stresses, yet the concrete
strength is similar or lower, causing earlier cracking.

The last group of tests investigated the effect of casting
time on cracking tendency. One set of mixes was cast in a

~ simulated morning placement; another set was cast in a sim-

ulated evening placement. Each set consisted of two rings,
each of the low- and high-cracking-tendency mixes as previ-
ously described. The testing investigated the interaction
between the concrete casting temperature and environment
temperature. The concrete rings were cast at room tempera-
ture using room-temperature materials, and placed into the
cyclic temperature chamber immediately after casting. The
rings cast in simulated morning conditions cracked sooner
than the rings cast in simulated evening; however, there was
some scatter in the test results.

CONCRETE MATERIAL FACTORS

Some concretes are more likely to crack than others. The
concrete material properties and material-related mechanisms
that lead to early cracking are ranked in Table 1. Most con-
crete material properties are collectively and simultaneously
evaluated during the restrained ring cracking-tendency test.

Paste Volume-Free Shrinkage

Free-shrinkage of concrete prisms was not related to when
the restrained rings cracked. However, several transportation
agencies believe that deck cracking is related to drying
shrinkage. Drying shrinkage is largely caused by water losses
from the concrete to the atmosphere. The amount of shrink-
age depends on many different factors. The major factors
affecting drying shrinkage are paste volume and quantity of
water within the mix. Other factors that affect free-shrinkage
are aggregate type and gradation, environmental conditions
(temperature and relative humidity), cement type, and
cement sulfate content. Deck thickness and form type affect
the drying rate. The following reduce drying shrinkage in a
given environment:

* Reduce the paste volume and the total amount of water
in the concrete,

* Maximize the amount of aggregate,

* Use a Type II cement, and

* Use aggregate with low-shrinkage properties.



TABLE 1 Factors affecting cracking

Factors

Effect

Major

Moderate

Minor

None

Design
Restraint
Continuous/simple span
Deck thickness
Girder type
Girder size
Alignment of top and bottom reinforcement bars
Form type
Concrete cover
Girder spacing
Quantity of reinforcement
Reinforcement bar sizes
Dead-load deflections during casting
Stud spacing
Span length

Bar type—epoxy coated
Skew

Traffic volume
Frequency of traffic-induced vibrations

SSSNSNS

SENSNSNSNSSNSSSS

Materials
Modulus of elasticity
Creep
Heat of hydration
Aggregate type
Cement content and type
Coefficient of thermal expansion
Paste volume—free shrinkage
Water-cement ratio
Shrinkage-compensating cement
Silica fume admixture
Early compressive strength
HRWRASs
Accelerating admixtures
Retarding admixtures
Aggregate size
Diffusivity
Poisson’s ratio
Fly ash
Air content
Slump'
Water content

SSSANS

SSNSSS

AR R

ASANAES

Construction
Weather
Time of casting
Curing period and method
Finishing procedures
Vibration of fresh concrete
Pour length and sequence
Reinforcement ties
Construction loads
Traffic-induced vibrations
Revolutions in concrete truck

SSNSNS

* within typical ranges

The longer periods of moist curing do not necessar-
ily decrease the final drying shrinkage, but may reduce
the shrinkage rate, especially for high-strength mixes.
If concrete with a high paste volume and shrinkage is used,

23

it is especially important to minimize the deck restraint
and keep the early strength low by replacing cement
with pozzolans or using cement designed for low early
strength.
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Aggregate Type

Aggregate type was the most significant factor affecting
when concrete cracked. The time-to-cracking of the Eau
Claire river gravel concrete averaged 20.5 days, compared
with 32 days for trap rock aggregate, 60 days for lightweight
aggregate, and more than 280 days for limestone-aggregate
concretes. The limestone aggregate was the only mix tested,
except the mix containing Type K cement, that did not
develop full-depth cracks in the restrained ring test.

To reduce cracking, Kosel (17) recommended a high ratio
of aggregate to paste. Several researchers recommended
large-sized aggregates, and a smooth grading curve to reduce
bleeding (6).

To reduce deck cracking, Portland Cement Association
(PCA) (6) recommended avoiding aggregates with high-
shrinkage characteristics and selecting low-shrinkage aggre-
gates. The type of aggregate also has a pronounced effect on
crack length. Aggregate type and size influence the strength,
elastic modulus, shrinkage, and creep—properties that greatly
affect cracking. If high-shrinkage aggregates must be used,
the batch properties should be optimized to reduce the crack-
ing tendency. Mixes having low cement contents, shrinkage-
compensating cement, low early strength gain, and low paste
volumes should be tested. Reducing the restraint conditions
of the deck will also help reduce cracking.

Shrinkage-Compensating Cement

Shrinkage-compensating cement holds promise as a means
to reduce transverse cracking, although concrete with this
cement has varying field performance. Type K shrinkage-
compensating cement prevented cracking of both of the re-
strained ring test specimens. The rings had very light sur-
face cracking, but did not have a distinct crack or an abrupt
reduction in steel ring strain. The ring strains gradually
decreased to a constant level without cracking. Another
shrinkage-compensating concrete containing an ettringite-
forming expansive additive cracked at an average age of 36.5
days, 16 days later than the controls (20.2 days). However,
because the ring test does not restrain the concrete but gird-
ers restrain deck expansion, the ring test may not accurately
simulate field behavior. Supporting girders, reinforcing bars,
and external abutments restrain the concrete deck as it tries
to expand. If the initial expansion is greater than subsequent
drying shrinkage, the concrete will remain in compression.
Even if the drying shrinkage is greater, the combined stress
is expected to be less.

Several transportation agencies found that the use of
shrinkage-compensating cement reduced deck cracking
(9,18,19). Researchers have written many reports on the use
of shrinkage-compensating cements. Cusick (20) and Pfeifer
(21) showed that shrinkage of shrinkage-compensating con-
crete is similar to that of normal portland cement concretes.
Shrinkage decreased as restraint increased, but the decrease

was slight when compared with the decreased expansion that
occurred with the increased restraint. In nearly all cases,
shrinkage of the shrinkage-compensating concrete was
between 400 and 600 pe, despite a wide variation in initial
expansion.

Hanson, Elstner, and Clore (22) investigated the expansive
properties of Type M cement concretes in laboratory speci-
mens that were totally restrained against either expansion or
contraction. During the expansion phase, the specimens
developed large compressive stresses that dissipated within
12 to 18 hrs. Cracking occurred in both Type I and Type M
specimens during drying, but the specimens containing Type
M cement cracked later than those with Type 1 cement.
Although restrained concrete made with Type M cement
initially develops compressive stresses, these stresses can
dissipate quickly and cracking may occur.

Another study (23) on shrinkage-compensating concrete
slabs found that these slabs had lower final net drying shrink-
ages than slabs made with Type I cement. The initial expan-
sion of the reinforced slabs did not compensate completely
for drying shrinkage. Lightly reinforced concrete slabs had
much more expansion than heavily reinforced ones, but the
amount of slab reinforcement had very little affect on subse-
quent shrinkage. Slabs containing shrinkage-compensating
concretes crept more than corresponding slabs made with
Type I cement.

Researchers studied the behavior of concrete made with
Type II cement and shrinkage-compensating cement (24). In
specimens with shrinkage-compensating cement, compres-
sive stresses developed during curing. As the slabs dried,
strain decreased and dropped below the initial value. Thus,
tensile stresses formed in the concrete. An optimum percent-
age of steel of between 0.53 and 2.41 caused the highest
compressive  stresses. The slabs cracked early, and the
researchers doubted the effectiveness of Type K cements to
reduce cracking.

Researchers investigated five bridge decks constructed
with shrinkage-compensating cement and adjacent structures
with Type II cement (25). Shrinkage-compensating cement
reduced cracking by approximately 25 percent. Some decks
with shrinkage-compensating cement cracked more than
those with Type II cement. The researchers concluded that to
obtain significant benefit in areas subjected to deicing salts,
crack reduction roughly of 90 percent is necessary, and the
benefits of shrinkage-compensating cement they tested are
not worthwhile.

One field survey examined more than 100 projects made
with shrinkage-compensating cement concrete, including
parking structures, slabs-on-ground, and miscellaneous
installations (26). The study concluded that, on average, the
shrinkage-compensating cement was very effective in reduc-
ing drying shrinkage cracks. Although the researchers gave
high effectiveness rankings for slabs with as little as 0.05 per-
cent reinforcement, better ratings typically occurred with
higher percentages of steel.



The results of laboratory and field investigations concern-
ing the use of shrinkage-compensating cement to reduce the
incidence of early cracking are promising but mixed. The
performance of concrete made with shrinkage-compensating
cement appears variable, therefore further research on
shrinkage-compensating cement in bridge deck structures is
needed.

Water-Cement Ratio and Cement Content

Many researchers observed more deck cracking with
higher cement contents, such as 390 kg/m® (658 1b/yd®) or
more (14,16,27). They attributed this to the combination of
higher heat gain during hydration, higher shrinkage, higher
early modulus of elasticity, and lower creep. However, some
researchers (28) found no relationship between the amount
of cement and the extent of cracking. Some researchers rec-
ommend maximum cement contents of 370 kg/m® (620
1b/yd*) (27) and 335 to 430 kg/m?> (564 to 611 Ib/yd®) for deck
concrete.

The average time-to-cracking for the different water-
cement ratios and cement content mixes tested with this proj-
ect’s ring test are shown below.

Average time-to-cracking (days)

Cement factor . 'water-cement ratio

kg/m* (b/yd) | 030 035 040 044 050
280 470 40.5 53.0 — 19.8 25.0
390 658 — 17.6 17.0 20.2 18.5

500 846 10.5 11.7 — 20.1 -

The best time-to-cracking results were achieved with the
low cement factor mixtures of 280 kg/m® (470 1b/yd®) with
no-slump concretes at 0.30 and 0.35 water-cement ratios.
These two no-slump concretes were very dry and not practi-
cal for bridge decks. Both mixes contained very low paste
volumes because the water and cement contents were low.
When a HRWRA was added to the mix with a water-cement
ratio of 0.35 and 278 kg/m? (470 Ib/yd®) of cement, the slump
was increased to 127 mm (5 in.) and the average time-to-
cracking was 25.5 days, compared to 53.0 days for the same
mix that had no slump. Therefore, the excellent performance
of the no-slump mixes is related to their dry consistency and
not their mix proportions.

The other nine mixtures had slumps ranging from 25 to
250 mm (1 to 10 in.), and these mixtures cracked at
ages ranging from 10 to 25 days. All concrete specimens
with a cement content of 390 kg/m® (658 1b/yd®) cracked at
essentially the same age (between 17 and 20 days), yet
slump ranged from 37 to 254 mm (172 to 10 in.) and water
contents ranged from 137 to 195 kg/m? (230 to 329 Ibs/yd®).
These data suggest that cracking of these typical, moder-
ately high cement-content mixes was not dramatically
affected by water content or water-cement ratio from
0.35 to 0.50.
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All three AASHTO-quality 0.44 water-cement ratio mix-
tures with three cement contents from 280 to 500 kg/m?® (470
to 846 Ib/yd®) cracked at an age of 20 days, although their
water contents ranged from 123 to 220 kg/m® (207 to 372 1b/
yd®) and their slumps ranged from 25 to 254 mm (1 to 10 in.).

The data for the 0.30, 0.35, and 0.50 water-cement ratio
mixtures show that increasing the cement content causes
quicker cracking.

These data suggest that no-slump, low cement content,
low water-cement ratio mixes cracked latest; high cement
content, low water-cement ratio mixtures with slump quali-
ties cracked earliest; and concretes with typical and moder-
ate 0.40 to 0.50 water-cement ratios and typical cement con-
tents produced intermediate time-to-cracking characteristics.
These data seem to parallel the common perception of
increased cracking relating to the recent use of higher cement
content and lower water-cement ratio concretes.

The data also suggest that the slump of low water-cement
ratio concrete does not play a significant role in time-to-
cracking, because the high cement content mixtures with
0.30 and 0.35 water-cement ratios cracked at 11 days, yet
one mixture had a 50-mm (2-in.) slump and the other had a
254-mm (10-in.) slump.

A slight statistical relationship between water-cement
ratio (R* = 0.50) and age at cracking was seen. The two no-
slump mixes were not included in the regression analysis.
Concretes with high cement contents and low water-cement
ratios are more susceptible to cracking than concretes with
low cement contents and high water-cement ratios.

Concrete Strength

There has been a significant trend toward increasing the
28-day design strengths of concrete. In addition, the lower
water-cement ratio concretes being specified frequently for
corrosion protection produce 28-day compressive strengths
far above the design compressive strengths. In fact, some
specified mixtures can achieve 28-day design strengths in 3
to 7 days. Many agencies have suggested that this trend has
led to more cracked structures. The primary reasons for
increased cracking are increased cement contents, higher
paste volume, higher early modulus of elasticity, higher
hydration temperatures, and much lower creep.

A slight statistical relationship was noted (R? = 0.63)
between the 7-day compressive strength .and cracking ten-
dency for the restrained ring specimen mixes having vary-
ing cement contents and water-cement ratios. The no-slump
278 kg/m® (470 Ib/yd®) mixes with water-cement ratios of
0.30 and 0.35 were excluded.

Water Content

Horn (29) found little correlation between cracking and
the water content in concrete decks. However, other
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researchers have suggested that reducing the water content
will reduce deck cracking (9,30). This project did not find
a relationship between total mix water and when the
restrained rings cracked. Changing the total water from 122
to 220 kg/m?® (207 to 372 Ib/yd®) did not affect the age at
cracking for the AASHTO-quality 0.44 water-cement ratio
mixtures. The 0.30, 0.35, and 0.50 water-cement ratio mix-
tures cracked sooner as water contents increased; however,
these mixtures also had increased cement contents and
paste volumes. The water content and paste content are pri-
mary factors affecting shrinkage and creep. Concrete with
more water shrinks and creeps more than concrete with less
water, but it may not crack sooner because it has higher
creep.

Air Content

The restrained rings cast with air entrainment (4.5 percent)
did not show a cracking tendency significantly different from
the non-air-entrained concrete (2.2 percent). However, other
research suggests that increasing air content decreases crack-
ing (14,31). Air content is usually specified for freeze-thaw
durability requirements; however, it may be advantageous to
use air-entrained concrete in environments that are not sub-
ject to freezing and thawing cycles.

Slump

This project’s results indicate there is no relationship
between slump and cracking tendency with the restrained
ring tests. Five mixtures with slump from 0 to 50-mm (0 to
2-in.) cracked at ages of 11 to 53 days, while two mixtures
with 100- to 190-mm (4- to 7/2-in.) slump cracked at ages of
17 to 25 days, and four mixtures with 215- to 254-mm (8/:-
to 10-in.) slump cracked at ages of 12 to 19 days. Horn,
Stewart and Boulware (28) also found that slump did not
affect deck cracking.

Several researchers suggested that high slump concretes
are more susceptible to settlement cracking than those with
lower slumps (6,17,30). However, settlement cracking is the
result of poor construction practice and inadequate vibration.
Excessively high slumps should be avoided, but within typi-
cal ranges, slump does not affect cracking. Although imprac-
tical for use, the concrete rings made with no-slump, low
cement content, and low water-cement ratio mixes cracked
latest.

Modulus of Elasticity

This project’s analytical studies showed that the concrete
modulus of elasticity, adjusted for creep, affects both thermal
and shrinkage stresses more than any other physical concrete
property, despite girder type or bridge geometry. Increasing
the concrete modulus of elasticity increases both shrinkage

and thermal stresses. The modulus of elasticity and the asso-
ciated creep are important because their interaction deter-

. mines stress for a given strain.

The concrete modulus of elasticity is largely affected by
the modulus of elasticity of the aggregates, which comprise
most of the concrete matrix. Concretes with less stiff aggre-
gates typically have lower moduli of elasticity and higher
creep. Using low-elasticity aggregates should therefore
reduce thermal and shrinkage stresses, and the risk or sever-
ity of transverse cracking.

The modulus of elasticity increases with compressive
strength, as does tensile strength. The tensile strength and
modulus of elasticity are commonly calculated as propor-
tional to the square root of the compressive strength of the
concrete.

As an example of how compressive strength can affect
cracking, consider two concretes with respective compres-
sive strengths of 25.8 and 51.7 MPa (3750 and 7500 psi).
These two concretes have ACI-calculated moduli of elastic-
ity values of about 24.0 and 35.4 GPa (3.5 and 5.0 X 10° psi),
respectively. Typical long-term creep factors for these two
concretes can be about 3.4 and 1.25 times the elastic strains,
respectively, and their flexural tension cracking strengths
would be about 3.2 and 4.5 MPa (460 and 650 psi), respec-
tively. Calculations indicate that these two concretes, when
totally restrained, can tolerate about 590 and 290 pe, respec-
tively, after accounting for their actual tensile strengths,
moduli of elasticity, and tensile-creep properties. Therefore,
increasing the compressive strength 100 percent increased
the tensile strength and the modulus of elasticity 42 percent,
but decreased the creep 75 percent, resulting in a concrete
that will crack at only 50 percent of the strain at which the
lower strength concrete will crack. These calculations sug-
gest that the concrete modulus of elasticity and creep domi-
nate cracking-tendency, and that high-strength, low-creep
concretes are more prone to shrinkage cracking.

Reducing the concrete modulus of elasticity reduces
shrinkage and thermal stresses of concrete. Using low mod-
ulus aggregates, increasing the paste content, and using
lower strength pastes (and concretes) reduces concrete mod-
ulus of elasticity. However, these same factors can increase
total shrinkage.

The restrained ring test evaluated five AASHTO-quality
0.44 water-cement ratio, normal-weight aggregate mixtures,
with modulus of elasticity values from 27.6 to 34.5 GPa (4 to
5 X 10° psi) and one AASHTO-quality lightweight-aggre-
gate mixture with a modulus of 14.7 GPa (2.1 X 10° psi).
Five of the six mixtures cracked at an age between 20 and 30
days. The other, the concrete with limestone aggregate,
developed many narrow and short surface cracks, less than
25-mm (1-in.) deep; it did not develop distinct wide cracks.
This concrete exhibited a moderately high modulus of 34.0
GPa (4.9 X 10° psi). These data suggest that, in addition to
modulus of elasticity, aggregate type or shape also plays a
dominant role in deck cracking.



Creep

As discussed, concrete creep reduces tensile stresses from
restrained drying shrinkage and thermal effects, and reduces
deck cracking. Thus, concrete with high creep, particularly
during the first month after casting, is desired. Such a con-
crete with early high creep will have relatively low com-
pressive strength and slow strength development. Con-
versely, concretes with high or very high early strength
development will produce a low-creep concrete with much
greater risk of cracking. Creep largely depends on when
stresses are applied, the moisture conditions, and the aggre-
gate properties.

Concrete made with very low water-cement ratios, high
cement contents, silica fume admixtures, and other ingredi-
ents that produce very high early strengths and moduli of
elasticity are prone to cracking because they creep little.
Concretes cured by intentional heat-curing techniques at the
jobsite or by unintentional solar radiation effects develop
higher early strengths with lower creep and higher cracking
risks.

Creep may occur either with or without drying shrinkage
effects. Basic creep occurs without air drying, and drying
creep is creep that occurs in addition to basic creep. Bridge
decks commonly air-dry from both sides and drying creep
dominates basic creep. Drying creep is typically 2 to 3 times
basic creep when the air relative humidity is 70 to 50 percent,
respectively. Decks with SIP steel forms dry only from one
side, and basic creep and drying creep may occur in similar
amounts during the early curing and drying periods.

High creep is most easily produced by using a high water-
cement ratio concrete with low strength, soft aggregates, and
poorly graded mixtures. However, such concretes also have
high shrinkage, high chloride permeability, low abrasion
resistance, and other durability concerns. Apparently, high
creep can also be produced by designing and curing low
water-cementitious ratio mixtures with very slow heat of
hydration rates and by using intentional cooling to slow the
early strength gain, allowing high creep during the critical
first month. These slowly developing mixtures, often con-
taining pozzolans, need longer moist curing. They can have
low permeability, high strength, and high abrasion resis-
tance, while having higher early creep, and low long-term
shrinkage. To encourage slower strength gain, it may be
advantageous to design bridge decks for 90-day compressive
strengths instead of the usual 28-day strength.

Heat of Hydration

Reducing placement and peak concrete temperatures rela-
tive to ambient air temperatures can reduce deck cracking
(9,27). High temperatures can create thermal stresses that
create early cracks, particularly during the subsequent rapid
cooling. The temperature gained by concrete during hydra-
tion depends on the type and amount of cement, percentage
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of fly ash, aggregate-to-paste ratio, batching temperature,
ambient environment, and solar radiation. Temperature
changes induced internally by the hydration of portland
cement and fly ash significantly affect young concrete. When
large volumes of concrete are placed in areas that do not
permit adequate dissipation of hydration heat, the concrete
temperature may increase as much as 56°C (100°F). A rule
of thumb is that a potential temperature rise of 7 to 8 °C (13
to 15°F) occurs per 45 kg (100 1b) of portland cement per
0.76 m* (1 yd®) of concrete, starting at moderate construction
temperatures.

Modern concretes and mortars having high 1-day strength
would also be expected to have higher heats of hydration.
Few data are available about the heat of hydration of modern
portland cements because this test is no longer routinely per-
formed. Modern finer cements producing high early
strengths may result in hydration heat for Type II cements of
75 calories per gram compared to the 60 calories per gram
typical in the late 1940s. This will aggravate cracking
because the concrete will reach higher temperatures and
result in more locked-in deck stress as the concrete cools to
ambient. The stresses are further aggravated because the
concrete has such a high early modulus.

To prevent excessive thermal gradients within the
concrete, the concrete should have acceptable peak and
placement temperatures; however, the transportation agen-
cies do not agree on appropriate placement and peak tem-
peratures. PCA (6) recommended a maximum concrete
temperature at placement of 28°C (80°F). Several others
recommended that a retarding agent be used to reduce the
temperature rise (27). However, immediate and proper wet
curing is essential for concretes containing retarders
because they areé susceptible to plastic cracking, particu-
larly in hot or cold weather. Researchers also recommended
cooling aggregates and mix water (9,27). The use of port-
land cements that have low heats of hydration and the use
of low-permeability fly ash-blast furnace slag-portland
cement mixtures can produce even more desirable early low
heat of hydration.

Concrete Coefficient of Thermal Expansion

Another factor that affects thermal stress in the concrete
deck, with either steel or concrete girders, is the coefficient
of thermal expansion of the concrete. The stresses that
develop from a temperature change in the deck are linearly
proportional to the concrete coefficient of thermal expansion.

Thermal stresses and transverse cracking can be reduced
by using concretes with lower coefficients of thermal
expansion. Increasing the aggregate content can reduce the
concrete coefficient of thermal expansion by reducing the
more thermally expansive paste content, and increasing the
less thermally expansive aggregate. Using aggregates with
lower thermal expansion rates also decreases the thermal
expansion rate of the concrete. For example, concretes with



28

limestone aggregate typically have less thermal expansion
than concretes with quartzite aggregate. The coefficient of
thermal expansion of cement paste (32) (with water-cement
ratios of 0.4 to 0.6) is typically between 18 to 20 pe/°C (10
to 11 pe/°F), about 2 to 3 times that of aggregate.
Researchers have reported the following aggregate expan-
sion rates (32).

Coefficient of thermal

Aggregate expansion

pue/°C (ue/°F)
Granite 79 4-5)
Basalt 6-8 3.34.49)
Limestone 6 (3.3)
Dolomite 7-10 (4-5.5)
Sandstone 11-12 (6.1-6.7)
Quartzite 11-13 (6.1-7.2)

Larger thermal stresses develop in a concrete deck when
the temperature change is limited to the deck (either uniform
or linear), and smaller stresses develop when the girders
also change temperature. Seasonal (uniform full-depth)
temperature changes typically cause very small thermal
stresses in a concrete bridge deck. When steel girders sup-
port the deck, selecting a concrete with a high coefficient
similar to steel could reduce stresses caused by a uniform
temperature change in the deck and girders; however, this
will increase the larger diurnal thermal stresses. When con-
crete girders support the deck, the thermal stresses from sea-

sonal temperature changes are generally insignificant when

compared with diurnal temperature changes and drying
shrinkage.

Cement Type

Other researchers found that type of cement has a large
effect on deck cracking (28,35). Some (28) found that decks
constructed with Type II cement cracked less than those con-
structed with Type I cement, and recommend Type II cement
to reduce early thermal gradients and shrinkage (17,27).
Type III cement gains strength rapidly and may increase the
risk of cracking. Certain brands of cement have higher
shrinkage than others. No information on the effect of Type
IV cements, which have lower thermal gains than other
cements, was obtained in this project.

The general chemistry and fineness of cements have
changed during the last 20 years. In the mid-1970s, the
AASHTO Specifications increased the minimum con-
crete compressive strengths for decks from 20 to 31 MPa
(3000 to 4500 psi). Contractors also sought cements that
achieve quicker strengths to speed form removal and access
to the deck. In response, cement producers changed the
cement fineness (Blaine) and composition. The most
expensive process and the highest cost associated with

cement manufacturing is grinding. Beginning in 1970,
cements were ground finer, resulting in cements with
higher sulfate and alkali contents. The increased sulfate
content was intended to control the faster (finer) react-
ing aluminates, and the increased alkali content re-
sulted from the use of inexpensive fuel types to heat the
kiln, such as trash and old tires, and pollution control
requirements.

The finer cements and higher sulfate contents increased
early strengths, heats of hydration, and the early modulus of
elasticity. For example, the deck concrete on the Portland-
Columbia Bridge had a 1-day modulus of elasticity
of 19,200 MPa (2.8 X 10° psi), nearly 80 percent of its
ultimate modulus. Lower-strength concretes produced before
1970 typically had 2-day elastic moduli of only 40 percent of
their 28-day value. The modulus of elasticity directly affects
the stresses that cause transverse deck cracking.

From 1904 to 1941, cement strength was mainly con-
trolled and tested in direct tensile. After 1941, minimum
compressive strengths were specified. From 1904 to 1941,
the tensile-strength requirements in ASTM Specifications
increased from 1.0 MPa (150 psi) to 1.9 MPa (275 psi) at 7
days and 1.4 MPa (200 psi) to 2.4 MPa (350 psi) at 28 days.
The ASTM C150 Specifications for Type I portland cement
since 1941 had the following minimum limits for compres-
sive strength of mortars.

Type I cement Compressive strength of mortar
specification '
(ASTM C150)
3-day 7-day 28-day

Year MPa (psi) MPa (psi) MPa (psi)
1941 6.9 (1000) 13.8 (200) | 20.7 (3000)
1947 2.6 (900) 12.4 (1800) | 20.7 (3000)
1955 8.3 (1200) | 14.5(2100) | 24.1 (3500)
1974 12.4 (1800) | 17.3 (2800) | 24.1 (3500)
1976 12.4 (1800) | 19.3 (2800) | 27.6 (4000)
1989 12.4 (1800) | 17.3 (2800) _——
1994 12.4 (1800) | 9.3 (2800) —_—

The specification changes in 1947 and 1955 parallel
changes in the method of test. In 1947, the last requirement
for a fixed 0.53 water-cement ratio was eliminated. In 1955,
the mortar mixing procedure was changed from hand mixing
to machine mixing. The significant increases in early age
C150 mortar strength requirements in the mid-1970s corre-
spond to the strength increases in the AASHTO deck con-
crete specifications and to the time when deck cracking is
believed to have increased.

The 1-day compressive strengths for the Portland-Colum-
bia Bridge deck concrete were 53 to 95 percent of the 28-day
strength. Compare this to the following data presented in
Table 3-10 of the PCA Bulletin 26 (33) on mortar cubes pub-
lished in 1948.
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Compressive strength
1-day 3-day 7-day 28-day 1-day percent
of 28-day
Type MPa (psi) MPa (psi) MPa (psi) MPa (psi)
I 3.6 (538) | 11.6 (1689) 20.3 (2944) 33.0 (4789) 11
II 2.8 (412) 8.1 (1180) 14.0 (2034) 25.7 (3728) 11
m 10.0 (1457) | 23.8 (3457) 35.2 (5103) 43.1 (6250) 23
v 2.0 (288) 4.7 (688) 6.9 (1000) | 17.3 (2510)* 11
\Y 2.7 (400) 8.5 (1240) 12.3 (1780) | 20.8 (3010)** 13

* 3-month strength was 35.2 MPa (5110 psi)
**3-month strength was 38.3 MPa (5550 psi)

Compressive strength tests on 152 mm by
305 mm (6 in. by 12 in.) concrete cylinders
using cements manufactured in the 1940s
were reported by Gonnerman and Lerch
(34). Type 1 cement concretes had average
1-day compressive strengths of 5.4 MPa
(776 psi); only 14 percent of the 28-day
strength of 39.1 MPa (5676 psi). Type II
cement concretes had average 1-day com-
pressive strengths of 3.0 MPa (430 psi);
only 12 percent of the 29-day strength of
24.5 MPa (3556 psi).

The 1-day strengths of these early cement
mortars and concretes were only 11 to 14
percent of the 28-day strength compared to
modern cement concretes that obtain 40 to
60 percent of the 28-day strength within the
first day. Modern concretes with such high
early modulus and compressive strength
values dramatically increase the risk of
cracking because of the high stresses that
develop as a result of early shrinkage and
thermal strains.

Mineral Admixtures

Many transportation agencies use mineral
admixtures. The main two mineral admix-
tures used in the United States are fly ash
and silica fume.

Fly Ash. Fly ash is being used in increas-
ing quantities. Fly ash, especially Class F
and Class N, reduces the rate of strength
gain and early concrete temperatures, and
has been recommended to reduce deck
cracking (27). Replacing 28 percent of the
portland cement with Type F fly ash did not
significantly affect when the concrete rings
cracked.

Silica Fume. Investigators (36,37) have
blamed silica fume for bridge deck crack-
ing, but this issue is controversial. Silica
fume concrete typically reaches higher tem-
peratures during early hydration, which
causes larger thermal stresses. Silica fume
concrete also usually bleeds much less than
normal concrete and is more prone to plas-
tic shrinkage cracking.

Researchers (38) found that very high-
strength silica fume concrete undergoes
intense autogenous shrinkage because of its
extremely low water-cement ratio. They
noted that conventional concrete shrinks
very slowly after the initial stage of hydra-
tion swelling. Silica fume concrete did not
swell during hydration but instead shrank
immediately. They attributed this high auto-
genous shrinkage of silica fume concrete to
self-desiccation.

Concrete laboratory rings containing
7.5 percent additional silica fume cracked
5 to 6 days sooner than control con-
cretes without silica fume. The cracking
tendency of silica fume mixes was higher,
though the free-shrinkage was similar to
the control. The earlier cracking. may be
related to the higher elastic modulus and
lower creep of the silica fume concrete,
which causes higher stress for a given.
strain.

Retarders

Some investigators have blamed set
retarders for deck cracking, but others -
found no relationship (8). Concrete rings
with a mix containing ASTM C494 Type
B/D retarder had a final set time of 9.7 hrs,
and on average cracked 2 days sooner than
the control mix; however, the results were
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scattered, which precludes definite conclusions. Retarders
are often used to enable a concrete deck to be cast continu-
ously. Retarders slow the early tensile strength gain and
increase susceptibility to plastic cracking; however,
retarders reduce temperature gain during early hydration,
which should reduce the risk of thermal cracking. When
concrete set is retarded, it would be necessary to analyze
changes in dead-load deflection of the plastic concrete dur-
ing placement to prevent cracking. Evaporation retarder
films or fogging should reduce the risk of plastic shrinkage
cracks when retarders are used in hot or cold weather.

Accelerators

The effect of accelerators on transverse deck cracking is
generally unknown. Concrete rings containing an accelerator
cracked slightly sooner (4 days) than the control mix in the
cracking-tendency ring tests. Accelerators are rarely used in
the construction of concrete decks. However, certain admix-
tures intended for other purposes, such as corrosion inhibit-
ing, may accelerate setting. Accelerators increase the
strength gain and the stresses necessary to cause cracking.
Sometimes, the rapid strength gain may be advantageous and
reduce plastic cracking. However, accelerators can increase
shrinkage, early temperature rise, and early modulus of elas-
ticity, all of which aggravate cracking.

Concrete Thermal Diffusivity

Concrete thermal diffusivity is a measure of how readily
heat flows through concrete; a larger value indicates quicker
heat conduction. The thermal analyses of steel girder and con-
crete girder bridges revealed that nonuniform temperature
changes produce larger thermal stresses than uniform tem-
perature changes. Concrete decks with higher diffusivity will
have smaller temperature gradients than decks with lower dif-
fusivity, and hence lower thermal stresses. For example, con-
crete decks constructed with basalt aggregate are expected to
have larger hydration and diurnal temperature gradients and
stresses than decks constructed with more conductive
quartzite aggregate. ACI 207.1R (39) lists the following dif-
fusivity values for concretes of various aggregate types.

Coarse Diffusivity of concrete
aggregate m?*day (ft*/day)
Quartzite 0.129 (1.39)
Limestone 0.113 1.22)
Dolomite 0.111 (1.20)
Granite 0.096 (1.03)
Rhyolite 0.078 (0.84)
Basalt 0.072 (0.77)
Aggregate Size

Kosel (17) recommended a minimum aggregate size of
25 mm (1 in.), but Carlson (/4) found no correlation with
cracking and aggregate size. Cracking-tendency tests of con-

cretes containing Eau Claire aggregate with maximum sizes
of 19 mm (¥. in.) and 13 mm (/- in.) showed no significant
difference.

Poisson’s Ratio

Poisson’s ratio typically has a small effect on shrinkage
and thermal stresses in the deck of a bridge. Deck stresses
generally increase as Poisson’s ratio increases, so selecting a
concrete with a lower Poisson’s ratio will generally reduce
shrinkage and thermal stresses that may cause transverse
cracking. Poisson’s ratio typically ranges from 0.15 to 0.20,
with higher strength concretes typically having higher ratios.
Therefore, reducing the compressive strength of the concrete
often reduces the strains and stresses that develop in the deck
from Poisson’s effect, and may reduce the risk or severity of
transverse cracking.

Fiber Reinforcement

One researcher suggested that fiber reinforcement reduces
early plastic cracking (9). In Japan, steel fibers are used to
reduce deck cracking. Some researchers found that fibers (1)
reduce plastic and settlement cracking and (2) reduce crack
width (15).

Summary of Concrete Material Influences and
Recommendations

Many concrete material properties affect the susceptibility
of a concrete deck to cracking. Table 1 lists the various mate-
rial factors and ranks them in order of importance. Recom-
mendations on material properties to reduce cracking include
the concretes with a low cracking tendency, i.e., concretes
with the following properties:

* Low early modulus of elasticity,

* Low early strength concrete (use 60- or 90-day design
strengths),

 High early creep,

* Low amounts of portland cement,

* Good quality, low-shrinkage aggregates,

* Low hydration temperatures (by using cements with low
hydration heat),

* Low heat of hydration pozzolans,

* Low thermal coefficient of expansion,

* Minimum paste volumes and free-shrinkage,

¢ Type Il cement, and

* Shrinkage-compensating cement.

Also, use of finely ground cement, silica fume, and other
admixtures that produce very high early and later strengths
and moduli of elasticity should be avoided.

Air entrainment, water reducers, retarders, and accelera-
tors have minimal effects on cracking. The ring tests indicate
that aggregate size, slump, and water content do not signifi-
cantly influence cracking. Potential trial mixes can be evalu-



ated with the ring test to identify those mixes with low crack-
ing tendency.

DESIGN FACTORS

Design details can affect deck cracking and are of partic-
ular interest because design changes can be readily imple-
mented. Table 1 also ranks the design factors, and a discus-
sion of each factor follows.

Girder Restraint

A concrete deck of a composite bridge is typically re-
strained externally only at the girder interface. Transverse
deck cracking would be eliminated or greatly reduced with-
out this restraint. Unfortunately, isolating the deck is not eco-
nomically practical for structural considerations, although
many noncomposite decks were built in the past.

Researchers have proposed many methods of predicting
crack widths for concrete in direct tension or pure bending;
less has been done to predict cracking in base-restrained
members subjected to both axial tension and bending. Unlike
members restrained only at longitudinal ends, nor like beams
in bending, the restraint adjacent to a crack in base-restrained
concrete is not approximately zero. Instead, a shear force
develops between the concrete and the base. As a result, less
bond-slip occurs at the fracture, and the tensile force in rein-
forcing steel will redevelop in shorter lengths. Hence, cracks
can occur at closer spacings (40).

In base-restrained walls, cracking begins at the base near
mid-length where maximum restraint occurs, and propagates
toward the top. With time, additional vertical cracks form
toward the ends of the wall. This is representative of uniform
shrinkage or contraction through the depth of the deck. How-
ever, actual strain is likely to be nonuniform because of uneven
drying shrinkage or nonuniform temperature gradients.

Equations were derived analytically to allow estimates of
degree of restraint provided by different bridge systems and
concrete materials. These equations allow designers to select
bridge systems with minimum degree of restraint to help
eliminate deck cracking problems.

Continuous and Simple Spans

Cracking is more prevalent on continuous spans than on
simple spans; however, cracking occurs on both types of
structures. Transportation agencies have observed more
cracking in the middle spans of continuous structures than in
the end spans. One study found cracking more prevalent on
two-span systems than on other continuous-span systems (5).

Concrete Strength

Concrete strength is a material property considered in
structural design. Concrete with high early strength generally
has a high cement content and is prone to cracking. This is due
to the high modulus of elasticity and low creep of high-
strength concretes. Bridge decks should not be built with
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unusually high-strength concrete, and 56- or 90-day design
strengths should be considered instead of 28-day strengths.

Temperature Changes

Investigators have blamed temperature changes for early
deck cracking (36). Temperature changes are not usually
considered in design because temperature steel is usually
considered sufficient to control cracking, a practice that
apparently is not working satisfactorily.

Bridges are continuously subjected to changing tempera-
tures; therefore, a significant factor in the behavior and per-
formance of bridges is thermal loading. AASHTO design
guidelines provide provisions only for longitudinal expan-
sion and contraction of bridges caused by a uniform temper-
ature distribution. However, temperature gradients occur in
all bridges, and at all ages, and significant tensile stresses can
develop, as discussed in this study.

Temperatures are rarely uniform in a bridge. A critical
early temperature change occurs during the first day or two
after the concrete is placed when the cement hydrates rapidly
and generates heat. Cooling then follows this rapid heat gain.
As the deck cools, it shrinks, but it is restrained by the gird-
ers. Changing early weather conditions such as air tempera-
tures, solar radiation, wind, precipitation, and other factors
also affect bridge temperatures. The early temperature drop
produces large tensile stresses that contribute to transverse
deck cracking.

When a deck is cast monolithically with concrete girders,
thermal stresses caused by hydration are generally reduced
because both the deck and girders generate hydration heat
and then cool at the same time, and temperature differences
are reduced. However, stresses still develop in this bridge
from hydration, because sections of the deck cool quicker
than the thicker girders.

Thermal stresses in the concrete from hydration are usually
worse in steel-girder bridges. Concrete girders conduct heat
slower than steel ones, and the greater mass of the girders will
cause them to respond slower to the changing deck tempera-
tures. Steel girders typically conduct heat quicker than con-
crete girders, and upper flanges will heat and cool with the
deck, reducing the temperature difference at the interface.

For most bridges, diurnal temperature changes produce the
largest thermal stresses. The diurnal temperature cycle of a
bridge deck usually exceeds the ambient air temperature
cycle, especially when the deck is directly exposed to solar
radiation. Bridge decks in moderate or extreme climates
often experience 22°C (40°F) diurnal temperature cycles.
Large girders, especially concrete girders, have large thermal
masses and react more slowly to the changing environment;
they often have smaller temperature cycles than ambient air.,
The upper surface of the deck typically heats and cools more
quickly, because it is exposed to direct solar radiation and
precipitation. Because heat does not transfer instantly to the
girders, temperatures are rarely, if ever, uniform in a bridge.
The parameter study from this project revealed that a linear
rather than a uniform temperature gradient in the deck typi-
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cally produces the largest deck stresses and greatest risk of
transverse cracking.

Seasonal temperature changes produce small or negligible
stresses in concrete girder bridges because both deck and gird-
ers typically have similar thermal expansion rates. Deck
stresses in concrete bridges caused by seasonal (uniform full-
depth) temperature changes are minor and only occur because
of the expansion difference of the deck reinforcing steel.

Protecting the concrete from solar radiation to reduce the
temperatures due to hydration and insulating the bridge to
reduce the rate of cooling should reduce the incidence of
early cracking.

Effects of Girder Type

Structures supported on wide flange beams and composite
steel-plate girders exhibited much more cracking than those
constructed on other systems (5). It is believed that the
increased cracking of steel girder structures is due to the stiff-
ness and the thermal properties of steel compared with those
of concrete girders.

The New Mexico DOT found that both prestressed con-
crete girders and steel girders can cause severe cracking.
Cady (8) found cracking worse with precast, prestressed
girders when the deck was conventionally formed, and worse
with steel girders when SIP forms were used. The South
Dakota DOT found cracking worst on prestressed concrete
beams and attributed this to a greater bond between the deck
and the girder. Analytical studies for this project indicate that
steel . girders usually cause higher thermal and shrinkage
stresses in simply supported spans, but that concrete girders
often cause higher stresses when spans are continuous over
supports; this may explain the inconsistent survey responses.

Dead-Load Deflections

Some researchers have blamed excessive dead-load
deflections for transverse deck cracking, while others could
not relate dead-load deflections to cracking (8). Transverse
cracking of the plastic concrete can occur over the supports
of continuous unshored structures as a result of self-weight
bending. Cracks developed between 2 and 4.5 hrs after
mixing when a researcher applied a curvature of 0.02 m™'
(0.0005 in.™") to concrete placed in flexible formwork simu-
lating deck slabs (47). To prevent this type of plastic concrete
cracking, falsework deflection should be calculated, and the
construction sequence selected to eliminate the tensile
stresses caused by self-weight.

Stud Spacing

Very little information is published on the effect of stud
spacing or other connections on cracking, and no relationship
of cracking to restraint was established. The analytical studies
in this project indicate that the restraint provided by steel studs
and channels increases stresses locally by as much as 20 per-
cent at the studs and may increase localized deck cracking.

Deck Geometry

Geometry affects shrinkage and thermal stresses less than
material properties do. Generally, stresses are larger in thin
decks on deep girders at a narrower spacing than in thick
decks on shallow girders at wide spacing. However, the inter-
action of geometry and material is complex, and many
exceptions occur. Deck reinforcement has a small influence
on thermal stresses in the deck.

Transportation agencies generally believe that longer
spans crack more frequently than shorter spans (5,8). Penn-
sylvania stated that spans longer than 30 m (90 ft) are likely
to crack. Data (5) suggest that decks wider than 21 m (70 ft.)
are more susceptible to cracking than narrower decks. These
beliefs are consistent with this project’s analyses, which indi-
cate that larger girders (required for longer spans) often pro-
duce higher shrinkage and thermal stresses in the deck.

Concrete Cover

Analytical studies in this project showed that the depth of
the reinforcement has an inconsistent influence on deck
stresses. Some researchers (4,5) found deck cracking worse
when the concrete cover was more than 75 mm (3 in.), but
others (28,42) found no correlation. Spans with small cover
are more susceptible to settlement cracking (43), and the
probability of settlement cracking decreases as clear cover
increases (31,43). As the reinforcing bars move away from
the concrete surface, they become less effective at distribut-
ing tensile stresses. Cover from 38 mm (1.5 in.) to 75 mm (3
in.) is generally recommended (5).

Quantity of Reinforcement

The analytical studies found that the amount and location
of longitudinal deck reinforcement typically have a small
effect on deck stresses. More reinforcement increases deck
stresses and possibly cracking, but the additional stresses are
usually small or negligible. Additional longitudinal rein-
forcement, especially smaller bars at a narrower spacing, will
reduce transverse crack widths and improve serviceability.

Additional longitudinal reinforcement, 220As versus
100/\/_s_, as recommended by AASHTO, has successfully
reduced leaking cracks (44). This higher level of reinforce-
ment is typical of decks designed today. Temperature steel
should be placed over the primary slab reinforcement.

Deck Thickness

The analytical studies show that increasing the deck thick-
ness usually decreases the shrinkage and the thermal stresses
that develop in the concrete deck of a bridge. The effect is
not always consistent, however, because the interaction with
the girders is complex. Uniform shrinkage or temperature
changes in the deck usually develop nearly uniform stresses
in thin decks. On the other hand, thicker decks on smaller
girders may develop significant bending stresses because of



the distance of the deck centroid from the girder. Thicker
decks are also more prone to develop nonuniform shrinkages
and temperatures than thinner decks, which may also
increase stresses. When high-strength concrete (high modu-
~ lus of elasticity and Poisson’s ratio) is used, especially with
large steel girders, increasing the deck thickness usually
decreases deck stresses, but its effect on deck stresses is often
inconsistent with other geometries and concrete properties.

Current literature suggests decks thinner than 230 mm (9
in.) are more susceptible to cracking.(9) Missouri DOT
reports that decks thicker than 254 mm (10 in.) are less sus-
ceptible to cracking, (5) although Wisconsin DOT suggests
that the probability of cracking increases as the deck thick-
ness increases. From the recent survey, recommended thick-
nesses to reduce the incidence of deck cracking are 200 mm
(8 in.) and 225 mm (9 in.).

Research (29) showed that thickening decks to 218 mm
(8.6 in.) from 162 mm (6.4 in.) reduced cracking, with nearly
all the reduction occurring in cracks narrower than 0.13 mm

(0.005 in.). Thicker decks did not have different crack pat-

_terns. This research concluded that the reduction in cracking
obtained using thickened decks is not sufficient to warrant
thickened bridge decks in California (29).

Reinforcing Bar Size

NCHRP Report 297 (30) recommended smaller-diameter
reinforcement to reduce cracking, but it did not provide spe-
cific values. Smaller bars reduce the probability of settlement
cracking (43), and Purvis (9) recommended reducing the
maximum bar size to 16 mm (¥ in.).

Bar Type

One study found structures reinforced with black bars had
less cracking than those with epoxy-coated bars (5). Investi-
gators (45) reported that using epoxy-coated bars in concrete
beams increases cracking and crack width, probably because
the bond strength of concrete to epoxy-coated steel is gener-
ally less than that to uncoated steel. Johnston and Zia (46)
conducted a series of laboratory tests to measure the bond
characteristics of epoxy-coated steel reinforcing bars and
found that epoxy-coated bars developed 85 percent of the
bond stress of uncoated bars.

Treece and Jirsa (45) reported the influence of bar size,
concrete strength, casting position, and epoxy thickness on
the bond of epoxy-coated bars. Test results showed that the
epoxy-coated steel samples developed 66 percent of the bond
stress of the uncoated bars, and epoxy-coated samples had
fewer but wider cracks. For 20-mm (¥.-in.) [No. 6] bars, the
average crack width was up to twice the width of the beams
with uncoated bars.

One study (47) did not show clear evidence of increased
cracking with the use of epoxy-coated steel, but reported an
increased cracking tendency. Coating thicknesses from 0.13
to 0.30 mm (0.005 to 0.012 in.) did not influence bond devel-
opment length, except on small 16-mm (¥s-in.) [No. 5] bars
where thicker coatings had lower bond strengths. The bar
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deformation pattern significantly affects the bond. The coat--
ing affects bars with larger rib bearing areas with respect to
bar cross section less than bars with smaller bearing areas.
Researchers (48) did flexural tests of large beam specimens
reinforced with either epoxy-coated or uncoated steel. Aver-
age crack widths were 50 percent larger in specimens with
epoxy-coated steel. Fewer cracks developed with epoxy-
coated steel specimens, but the sum of all crack widths was
25 percent higher for beams with epoxy-coated reinforce-
ment. However, careful consideration of the corrosion-related
issues should be addressed when selecting a steel type. Crack-
ing still occurs in structures without epoxy-coated steel, and
corrosion protection is totally lost at crack locations.

Skew

Skew does not significantly affect transverse cracking, but
slightly higher stresses occur near corners. One researcher
(9) found structures with skews greater than 30 degrees to be
more susceptible to transverse cracking.

Traffic Volume

Horn (44) found that structures with high traffic volumes
typically had more cracks than those with lower volumes,
although the trend was not clearly shown. Heavy truck traf-
fic appeared to extend crack lengths, but did not significantly
affect leakage. Several other researchers found that average
daily traffic did not affect deck cracking (8,/3). High traffic
volumes may ravel cracks, making them more visible.

Alignment of Bars

Most transverse deck cracks are aligned directly above the
top reinforcing bars (6). There is very little information relat-
ing bar alignment to deck cracking. When the top and bottom
transverse bars align, they form a weakened section within
the concrete that is more susceptible to cracking. Full-depth
cracking usually occurs through both top and bottom trans-
verse bars when the bars align.

Form Type

The effect of SIP forms on cracking appears inconsistent.
Some researchers found that less transverse cracking
occurred when SIP forms were used (8), while others found
no such relationship (37). Corrugated SIP steel forms will
cause deck shrinkage that has a more linear gradient than a
uniform gradient and, as shown in this project, produce larger
tensile stresses at the upper deck surface. This increases the
risk and severity of transverse deck cracking. The SIP forms
have an added disadvantage of hiding cracks, which may
prevent ready inspection for deterioration. Investigators have
observed instances where SIP steel forms have corroded
because of water leakage through cracks. The analytical
study revealed that SIP forms typically have a small affect on
deck stresses for a given applied temperature change or
shrinkage profile.
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Frequency of Traffic-induced Vibration

Traffic-induced vibrations (/2) and vibration frequency
(11) do not normally cause deck cracking. Investigations of
bridge deck widenings did not show any problems from traf-
fic-induced vibrations. Many bridge decks crack before they
are subjected to traffic loads. Studies during this project esti-
mated a maximum of 0.7 MPa (100 psi) tensile stress in the
decks subjected to traffic vibrations.

Girder Size and Spacing

The analytical study showed that both girder size and spac-
ing (the tributary deck width per girder) have a moderate
or small effect on stresses that develop in the deck from
shrinkage and temperature changes. Generally, larger girders
spaced closer together cause larger shrinkage and thermal
stresses in the deck. The deck stresses are not much different
when either intermediate or large girders are used, such as a
large rolled steel section or plate girder, or a concrete girder
at least 1.2-m (4-ft) deep, but the stresses are noticeably dif-
ferent when a small girder is used, such as a small steel
girder, or a concrete girder 0.6-m (2-ft) deep. Selecting a
lighter girder section requires a closer spacing, and the com-
bined effects on deck stresses typically are offsetting. The
risk or severity of transverse deck cracking generally
increases as span length increases because a larger girder will
be required.

Design Methods

Bridge designers in the United States use AASHTO design
methods almost exclusively. Transportation agencies (49)
have suggested that shrinkage and temperature reinforce-
ment according to AASHTO requirements are too low and
should be increased. Design changes from allowable stress to
load factor design may have resulted in more flexible struc-
tures that are more susceptible to cracking (9,30). However,
one researcher found that the flexibility of the structure was
unimportant (8).

Current AASHTO design procedure requires that bridge
design account for longitudinal movement at the supports
because of temperature changes, and does not require exami-
nation of shrinkage (except with prestressed bridges) or
nonuniform temperatures. The current AASHTO procedure is
adequate to calculate movement that the system must accom-
modate at supports, but it does not address tensile stresses that
occur from shrinkage and daily temperature changes. This
deficiency is clear because many bridge decks develop trans-
verse deck cracks before traffic loads are applied.

AASHTO design procedures permit tensile stresses in
post-tensioned decks and do not require additional reinforce-
ment if the stresses do not exceed a certain limit; for large ten-
sile stresses, they require that reinforcement control (not pre-
vent) cracking. For many design requirements, designing the
post-tensioning to produce tensile stresses will result in a
more efficient design, and therefore AASHTO indirectly

encourages tensile stresses. Especially when additional rein-
forcement is not placed in tensile zones created by the post-
tensioning, the risk of transverse cracking is further increased.

Summary of Design Influences on
. Deck Cracking

Table 1 lists the various design factors and ranks them
according to their influence on cracking. General conclusions
include the following:

* Cracking is more common among steel girder structures.

« Continuous-span structures are more susceptible to
cracking than simple-span structures.

* SIP deck forms sometimes increase deck cracking.

» Larger stresses develop with larger girders at narrower
spacing.

* Cracking stresses are less affected by bridge geometry
than by concrete material properties.

¢ Dead-load deflections during construction should be
considered.

« Cover over reinforcement should be between 38 mm
(1.5 in.) and 76 mm (3 in.).

* Girder restraint and studs cause significant deck stresses.

¢ Thinner decks have higher stresses, and decks should
not be less than 200- to 230-mm (8- to 9-in.) thick.

¢ Use of epoxy-coated bars has probably increased the
number and width of deck cracks.

* More reinforcing bars of smaller diameter will reduce
crack widths.

* Traffic-induced vibrations do not affect deck cracking.

* Designing for tensile stresses in the deck of a post-
tensioned bridge will reduce early cracking.

¢ Reducing deck flexibility will reduce early cracking.

EFFECT OF CONSTRUCTION PRACTICES

Sometimes construction details significantly affect early
transverse cracking. Researchers (8) in Pennsylvania found
that bridges built by two contractors had a much higher inci-
dence of cracking than bridges built by nine other contrac-
tors. Construction factors are also shown on Table 1 and are
outlined in the following sections.

Weather and Time of Placement

Weather during concrete placement can greatly affect the
number of medium and large cracks that form early in the
deck; several investigators and transportation departments
considered this factor to be the most significant affecting this
cracking (29). Wind velocity affects both plastic and drying
shrinkage. More cracking was observed for concrete cast
during low humidities and high evaporation rates (30).

Transportation agencies reported that casting at night can
significantly reduce deck cracking (6,9), and afternoon pours
are most likely to crack. A survey of pavements cured with



clear membranes found that cracking occurred predomi-
nantly in pavements placed in morning hours (/0).

Weather conditions when a concrete bridge deck is placed
affect residual and other thermal stresses in a bridge deck.
Concrete placement at the Portland-Columbia Bridge started
in early afternoon, and maximum temperatures developed in
the deck just after midnight. Early peak concrete tempera-
tures are affected by the exothermic (heat-producing) hydra-
tion of the cement and the weather. Solar radiation and air
temperatures at the Portland-Columbia Bridge were warmest
during and after placement and increased the temperature of
the fresh concrete. The warmer concrete temperatures further
increased the rate of hydration and the corresponding tem-
perature rise caused by hydration. For most bridges, placing
the concrete around noon will maximize the temperature the
concrete reaches during its initial hydration and the cooling
that follows. This maximizes the thermal stresses that ini-
tially develop and the risk of early cracking.

When concrete is placed during early or mid-evening, the
weather immediately following the placement will cool the
concrete as it is hydrating, reduce the rate of hydration, and
reduce the peak temperature it reaches. Therefore, placing
concrete during early or mid-evening will reduce thermal
stresses and the risk of early cracking; whereas placing con-
crete during late morning or early afternoon will maximize
the early thermal stresses and the risk of cracking.

Heat of hydration effects can also be significant during
cool weather. For most bridges, placing cooler concrete dur-
ing cooler weather can reduce residual thermal stresses
caused by early hydration temperatures. Evaporation in-
creases when concrete is much warmer than the ambient air
temperature when it is placed. Instantaneous temperature
variations in the deck are lower, as are the residual stresses
that may cause or contribute to transverse cracking.

If the concrete and steel have different thermal expansion
rates, seasonal temperature changes will cause stresses in the
steel-girder bridge. When concrete is poured on a day that is
warmer than average, bridge temperatures will be lower most
of the time after the concrete has hardened. Because concrete
typically expands at a lower thermal rate than steel, a uniform
temperature decrease in the steel bridge will cause beneficial
compressive stresses to develop in the deck. Conversely,
when concrete is placed on a very cold day, warming will
cause tensile stresses to develop in the deck of a steel bridge;
however, these stresses are usually smaller than early hydra-
tion thermal stresses, and for most bridges placing concrete
during cooler weather is beneficial.

Cracking appears worse when concrete is cast at either low
temperatures (5,31) or high temperatures, a factor that sug-
gests that plastic shrinkage plays a role. Florida DOT
reported more cracking in decks cast between May and
August, and the least cracking in decks cast in October and
November. The maximum air temperature at time of casting
specified by the transportation agencies ranges from 27°C
(80°F) to 35°C (95°F). The minimum air temperature at time
of casting specified by the transportation agencies ranges
from 2°C (35°F) to 10°C (50°F). The minimum specified
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concrete placement temperature varies from 7°C (45°F) to
16°C (60°F). Researchers recommended (31) that decks not
be cast when air temperature is less than 7°C (45°F). When
warm concrete is cast in cool weather, the concrete heats the
air above its surface and reduces its humidity. This causes
increased evaporation from the concrete surface. Using a
water fog mist or an evaporation retarder film is therefore
important in order to prevent evaporation and plastic shrink-
age cracks during cool or hot weather. ’

Curing

Ineffective curing was the most common reason suggested
by the transportation agencies for excessive transverse deck
cracking (6,50). Chemical evaporation retarder films can sig-
nificantly reduce the number of small deck cracks (29). Moist
curing, using wet burlap instead of a curing compound, can
result in fewer small cracks, provided the moist cure is applied
early. Delayed curing increases the number of cracks. Fogging
immediately after strike-off can significantly reduce early
plastic deck cracking. Fogging before placing burlap often
reduces initial cracking, but final cracking is usually similar in
decks cured without fogging before placing burlap.

The PCA (51) defines curing as the maintenance of a satis-
factory moisture content and temperature in concrete during
some finite period immediately following placing and finish-
ing so that the desired properties may develop. Curing has a
strong influence on concrete durability, strength, watertight-
ness, abrasion resistance, volume stability, and resistance to
freezing, thawing, and deicer salts. As an example, improperly
cured concrete may have an uitimate compressive strength 60
percent less than that of a fully cured specimen.

High cement content, low water-cement ratio concretes
are affected more by curing than concretes with low cement
contents and high water-cement ratios. Extending the wet
curing to 60 days did not significantly change when the ring
specimens with 278 kg/m® (470 1b/yd®) of cement and a
water-cement ratio of 0.5 cracked. However, when the
cement content was increased to 501 kg/m? (846 Ib/yd*) and
the water-cement ratio was decreased to 0.35, increasing the

" wet curing to 60 days significantly extended time-to-crack-

ing (cracking occurred at 21 days instead of 12 days). The
time-to-cracking was calculated from when the wet curing
was stopped. However, this shows that even with extended
wet curing, cracking can still occur under restrained condi-
tions in the ring test (or on a composite bridge deck).
Transportation agencies in the United States specify a vari-
ety of curing techniques and curing times; moist curing is not
standardized. By comparison, precast, prestressed concrete
girders are cured in a standardized accelerated heat or steam
manner as specified by AASHTO. A standardized AASHTO
moist-curing procedure is needed for cast-in-place decks.

Vibration of Fresh Concrete

Research and the survey results suggest that inadequate
vibration is a major cause of cracking (9). Effective consoli-
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dation will improve all the important properties of concrete
in bridge decks (37). Problems of under-vibration are more
widespread than those of over-vibration (31). Areas of under-
vibration are more prone to cracking (28). A minimum of
three vibrators are recommended for placement rates of 22
m’hr (30 yd*/hr). Testing showed that vibrator frequencies,
size, and time of insertion can vary without changing con-
solidation (37). Revibration with a vibrating screed can close
plastic shrinkage cracks.

Concrete settles during placement, vibration, and finishing.
When reinforcing bars or formwork prevents concrete from
settling in localized areas, voids and cracking may occur next
to these areas of restraint. To control settlement cracking, it is
necessary to use a concrete cover of at least 50 mm (2 in.),
small-diameter reinforcing bars, and low-slump concrete.

Finishing

Finishing procedures can affect cracking. Delayed finish-
ing can increase cracking. Early finishing produces smaller
and fewer cracks (29,50). Double-floated decks developed
fewer small cracks than those with standard finish (29,50).
One study found that hand finishing often increased deck
cracking (29). Illinois DOT recommends replacing rake tin-
ing with mechanical grooving, so that curing can commence
soon after placement. Sawcut grooving (1) does not damage
the surface of hardened concrete when compared to rake tin-
ing of plastic concrete and (2) provides more uniform and
durable grooves.

Pour Length and Sequence

Some research suggests that placement sequence can cause
deck cracking. Other research found that pour length and
sequence did not influence transverse cracking (9,11). Deck
cracking occurs with both continuously placed and sequenced
pours. Some agencies recommend sequenced pours.

Reinforcement Ties

Research (44) found that decks with tightly tied reinforce-
ment often develop more cracks initially than decks with
loosely tied reinforcement, but ultimately cracking was
similar.

Construction Loads

Early construction loads may cause cracking (29). Crack-
ing can occur when construction machinery or other heavy
loads are placed on the deck at early ages. While construc-

tion loads can cause problems, they are rarely the primary
cause of transverse cracks in new bridge decks. Nevertheless,
construction loads should not be allowed until the concrete
has sufficiently hardened to prevent cracking.

Traffic-induced Vibrations

Traffic-induced vibrations before or during hardening
were found not detrimental to deck concrete (8,12,13). Con-
crete disrupted by retempering, or deflections after initial set,
was a cause of deck cracking (29,30) resulting in large cracks
(9). However, traffic vibrations have not generally caused
these deflections.

Revolutions in Concrete Truck

No correlation between the number of revolutions of tran-
sit mix trucks and deck cracking was found (29).

Summary of Construction Influences on Deck
Cracking

A list of ranked construction-related factors that affect
transverse deck cracking is found in Table 1. The most criti-
cal construction influences on deck cracking are weather
conditions. Adverse weather includes wind, high and low
temperatures, and low-humidity conditions. The evaporation
rate should be measured at the jobsite, and wind breaks, fog-
ging and evaporation retarder films should be used during
periods of high evaporation during cold or hot weather. Good
curing practices should always be used, especially in hot or
cold weather. Early fogging and wet curing will prevent plas-
tic shrinkage cracking, but curing alone will not prevent dry-
ing shrinkage cracking. Wet curing should be used during hot
weather to cool the concrete and reduce peak temperatures.
Casting at night should also be considered during hot
weather. ‘

While many agencies permit liquid-applied curing com-
pounds during the moist-cure period, few agencies com-
mented on their effectiveness. Because these curing com-
pounds allow water vapor loss, they should not be the sole
curing material used but should be used at early ages in com-
bination with other highly effective moisture-retention meth-
ods, such as using sheet materials and water for the long-term
curing.

Adequate vibration is necessary to prevent settlement
cracking. Vibrating concrete properly is necessary, even with
high-slump, superplasticized concrete. Revibration can close
settlement voids and plastic shrinkage cracks, and improve
the quality and appearance of concrete.
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INTERPRETATION, APPRAISAL, APPLICATION

HISTORY OF AASHTO SPECIFICATIONS AND
CRACKING OF DECKS

" Based on experience, the survey responses, and conver-
sations with transportation officials, there is a general per-
ception that the incidence of cracking in bridge decks
“increased in the mid-1970s. This increase coincides with
when AASHTO made major changes to its concrete speci-
fications.

The widespread use of deicing chemicals on roads and
bridges—begun in the early 1950s—has proliferated the cor-
rosion of conventional reinforcing steel embedded in con-
crete. This corrosion was first noted in about 1960. Much
progress in the AASHTO specifications over the years has
resulted in the design and construction of more durable,
corrosion-resistant, and economical bridge structures. Sum-
maries of pertinent information from the 1931 to 1986
AASHTO Specifications for Class A or AE (air entrainment)
concrete are presented in Tables 2 and 2(a).

The minimum 28-day compressive strength of 20.7 MPa
(3000 psi) the AASHTO specifications required from 1931
to 1973 was very low, with resultant low modulus of elastic-
ity and high creep potentials. During this period, the specifi-
cations did not limit the water-cement ratio. The 1974
AASHTO Specification significantly improved corrosion

protection of uncracked concrete, when the permeability of '

air-entrained concrete was reduced by requiring a maximum
water-cement ratio of 0.44, increasing the minimum 28-day
compressive strength 50 percent to 31.0 MPa (4500 psi), and
increasing the minimum cement content 8 percent from 335
kg/m’ to 363 kg/m® (6.0 to 6.5 bags/yd?). It also increased the
minimum clear cover for decks (top-of-slab) to 50 mm
(2 in.):

Before 1974, the AASHTO Specifications required a
slump from 50 to 100 mm (2 to 4 in.) for vibrated air-
entrained Class AE concrete. Then in 1974, the specified
slump was reduced to 25 mm to 65 mm (1 to 2.5 in.) in an
attempt to improve concrete quality, but jobsite problems
began immediately. AASHTO members and many bridge
contractors challenged this slump reduction, and the 1978
AASHTO revision eliminated slump as a specified require-
ment. AASHTO no longer specifies slump because HRWRA
are routinely used to produce concrete with high-slump, very
low water-cement ratio, and high strength. Also, it was rec-

ognized that the water-cement ratio primarily dictates chlo-
ride permeability, not slump.

Bridges built before 1974 were constructed with lower
strength concretes having lower elastic moduli and higher
creep. A typical 20.7 MPa (3000 psi) 28-day strength
concrete could have 2- and 28-day modulus of elasticity
values of 9.0 and 22.0 GPa (1.3 and 3.2 X 10° psi), respec-
tively. This 2-day modulus represents only 40 percent of
the low 28-day modulus of elasticity. These concrete prop-
erties caused less deck cracking, even with composite
decks. '

When the 1974 AASHTO specification changes were
implemented, concrete compressive strengths and elastic
moduli increased significantly, and creep decreased. This
increased deck cracking. Concretes produced to the 1974
AASHTO requirements have much larger modulus of elas-
ticity values, a factor shown in this project’s analytical
studies to be a major factor in tensile stress development in
decks. The instrumented Portland-Columbia Bridge con-
crete had a 2-day modulus of elasticity of 19.3 GPa (2.8 X
10 psi), 82 percent of the 28-day modulus and twice the
typical value of a 20.7 MPa (3000 psi) concrete. Since
1974, high early and later concrete compressive strengths
and modulus of elasticity values have been routinely used
in the United States. When higher cement contents and
HRWRA admixtures and silica fume are used, 1-day moist-
cured compressive strengths of 27.6 to 55.1 MPa (4000 to
8000 psi) have been achieved. These concretes would have
1-day modulus of elasticity values of 28.8 to 35.8 GPa (3.6
t0 5.2 X 106 psi), values 3 to 7 times those of a nominal 20.7
MPa (3000 psi) concrete used before 1974. These very
high-strength concretes also have significantly reduced
creep potential, behaving as what some engineers call “brit-
tle concretes.” This perceived brittleness, in fact, relates to
dramatically reduced creep potential and the observed early
cracking or other unusual cracking that is not consistent
with engineers’ experiences with more conventional con-
crete.

Ultra-high early compressive strengths have been pro-
duced with heat-cured, low water-to-cement ratio concretes
with silica fume and silica fume-fly ash ingredients. The
1-day compressive strengths, with heat curing, and in some
cases with only moist curing, can be 48.2 to 75.8 MPa (7000
to 11,000 psi). These concretes have 1-day modulus of elas-
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TABLE 2 Summary of AASHTO specifications for bridge deck concrete CLASS A or A(AE) reqmrements for corrosion
protection (Metric) (Note' Conversion in Table 2[a])

Reinforced concrete minimum clear cover (mm)
Min. Max Min. cement Air Slump* -
Year | Class | 28-day ’ content content P Topof | B Other exposed | Cast-in-place Precast
wlc (mm) op of ottom 1
' (MPa) (kg/m’) (%) elements seawater seawater
8 slab of slab .

(main bars) elements elements
1931 A 20 - 362 - 50-75 25 25 50 100 75
1941 A 20 0.53 362 - 50-100 25 25 50 100 15
1945 A 20 0.53 334 - 50-100 25 25 50 100 75
1953 AE 20 - 334 4-7 50-100 25 25 50 100 75
1961 AE 20 - 334 4-7 50-100 25 25 50 100 75
1969 AE 20 - 334 4-7 " 50-100 37 25 50 100 75
1973 AE 20 - 334 4-7 50-100 37%* 25%* 500k 100 75
1974 AE 31 0.44 362 57 25-64 5Q%k* 25%x* 50%k* 100 75
1974 A 28 0.49 362 3-5 50-100 503k 25%* 502k 100 75
1978 AE 31 0.44 362 5-7 50%* 25%* 5Q%* 100 75
1978 A 28 0.49 362 3-5 50%* 25%* 50%* 100 75
1983/86 | AE 31 0.44 362 5-7 50k 25%* 5Q%kxk 100 75
1983/86 A 28 0.49 362 3-5 50Q%** 25%* 5Q%kx 100 75

* For vibrated concrete, if specified.

*%

*%kk

The clear cover should be increased when "chlorides or other corrosive substances” are present.
reinforced concrete design section.

No mention of deicing chemicals in normal

In the normal reinforced concrete section, the specification states that when in a corrosive environment or marine environment, a more
impervious concrete or other means should be used. The use of additional clear cover is not suggested. In the prestressed concrete design
section, the specification states that when deicers are used or where saltwater, salt spray, etc., are present, additional cover should be used
but suggestions about the use of a lower permeability concrete are not provided.

TABLE 2(a) Summary of AASHTO specifications for brldge deck concrete CLASS A or A(AE) requirements for corrosion

protection
Reinforced concrete minimum clear cover (in.)
v Min. Max, | Min. cement Air Slump* o Y e P—
ear | Class 28-day wlc c:ontent3 content (in.) Top of | Bottom ‘;f‘ e"PZ m l:em fe“;
£’ (psi) (bags/yd’) (%) slab of slab elemen seawater seawater
(main bars) elements elements
1931 A 3000 - 6.5 -- 2-3 1 1 2 4 3
1941 A 3000 0.53 6.5 -- 2-4 1 1 2 4 3
1945 A 3000 0.53 6.0 - 2-4 1 1 2 4 3
1953 AE 3000 - 6.0 4-7 24 1 1 2 4 3
1961 AE 3000 - 6.0 4-7 2-4 1 1 2 4 3
1969 AE 3000 - 6.0 4-7 2-4 1.5 1 2 4 3
1973 AE 3000 - 6.0 4-7 24 1.5%* 1%* 2%* 4 3
1974 AE 4500 0.44 6.5 5-7 1-2.5 Q%% 1% 2%* 4 3
1974 A 4000 0.49 6.5 3-5 24 2%* 1ok 2%% 4 3
1978 AE 4500 0.44 6.5 5-7 - 2%* 1%* 2%k 4 3
1978 A 4000 0.49 6.5 3-5 - 2* 1% 2%* 4. .3
1983/86 AE 4500 0.44 6.5 57 - 2dkok S 2%k 4 3
1983/86 A 4000 0.49 . 6.5 3-5 - 2%¥% | S 2Kk 4 3
*

*k

*kk

For vibrated concrete, if specified.

The clear cover should be increased when "chlorides or other corrosive substances” are present. No mention of deicing chemlcals in normal
reinforced concrete design section.

In the normal reinforced concrete section, the specification states that when in a corrosive environment or marine environment, a more
impervious concrete or other means should be used. The use of additional clear cover is not suggested. In the prestressed concrete design
section, the specification states that when deicers are used or where saltwater, salt spray, etc., are present, additional cover should be used
but suggestions about the use of a lower permeability concrete are not provided.




ticity values of 33.1 to 41.3 GPa (4.8 to 6.0 X 10° psi), with
28-day values similar to the 1-day values. Decks made with
these concretes will have high tensile stresses because of the
high early modulus and low creep.

Experience and data show that while the chloride and
water permeability of these newer, low water-cement ratio
concretes are dramatically reduced when the concrete is
uncracked, the dramatic increase in early and later moduli of
elasticity with their attendant reduction of creep results in a
dramatically greater risk of high tensile stresses and cracking
in restrained bridge decks.

CRACKING OF CONCRETE

Concrete is a brittle material when subjected to tensile
stresses. The tensile strain capacity of concrete is limited to
about 100 to 200 pe. This lack of ductility resulted in the devel-
opment of prestressed concrete such that compressive stresses
induced in the concrete by prestressing steel could reduce ten-
sile stresses and cracking. Post-tensioning is used in cast-in-
place decks but rarely with bridge decks constructed on steel
girders or non-post-tensioned concrete girders.

Three factors dominate the cracking of bridge decks: (1)
the degree of restraint; (2) the concrete’s effective modulus
of elasticity that includes creep effects; and (3) concrete vol-
ume changes from shrinkage and thermal effects. A discus-
sion of these factors follows.

Restraint

Unrestrained concrete can undergo large negative strains
from shrinkage and temperature decreases without develop-
ing tensile stresses and cracking. The same concrete, when
restrained against contraction, develops tensile stresses and
often results in cracks. Therefore, restraint is a major factor
in the cracking of concrete decks. The restraint can be from
external or internal sources. Embedded reinforcing bars pro-
vide internal restraint, and girders provide external restraint.
SIP steel forms also provide external restraint. When there is
restraint, shrinkage and temperature changes cause tensile
stresses. .

The degree of deck restraint possible with the various
types of bridges constructed in the United States was studied
in this project. These studies reviewed restraint based on the
following commonly assumed conditions for composite
behavior.

» The concrete deck is fully restrained in the transverse
direction, and the girder is unrestrained in the transverse
direction.

» Temperature is constant across the width and along the
length of the bridge.

« The original temperature of the bridge is uniform. If the
original temperature is not uniform, the effects of indi-
vidual temperature changes can be determined and
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superimposed on other shrinkage and temperature
effects.

* The later temperature of the beam is uniform.

 The later temperature of the deck'is either uniform, or
nonuniform linear with the soffit temperature equal to
the beam temperature.

« The reinforcing steel has negligible bending stiffness.

» Separation between the concrete deck and beam does
not occur.

» The curvature of the deck must match the curvature of
the girder at their interface.

Equations were developed to calculate the forces and
force couples in a composite beam, and the resulting
stresses. Once these forces and couples are calculated,
strains and stresses in the concrete deck can be determined.
The derived equations accommodate multiple levels of
reinforcement, to include the effects of longitudinal bars
and a SIP metal form. Two sets of equations were derived
to analyze strains and stresses in a composite bridge. The
first set assumes a uniform equivalent temperature change
in the deck and an independent uniform equivalent temper-
ature change in the girders, as shown in Figure 4. Actual
temperatures are used to study thermal behavior, whereas
equivalent temperatures are used to study shrinkage behav-
ior. When both the deck and (concrete) girders shrink, or
when both undergo a temperature change, the equivalent
temperatures T, and T, are non-zero. When steel girders are
used and only the deck shrinks, or if only the deck under-
goes a temperature change, the equivalent temperature
change T, is zero. The second set of derived equations ana-
lyze strains and stresses in a composite bridge from a linear
equivalent temperature change in the deck and an indepen-
dent uniform equivalent temperature change in the girders
matching the temperature change at the deck soffit, as
shown in Figure 5.

Deck and
<= reinf.
equivalent

Initial temperature

Girder equivalent
temperature
2 change

Steel (shown) or
concrete girder

L.

Figure 4. Uniform temperature change in concrete deck
and uniform temperature change in girder, Condition 1.
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Figure 5. Linear temperature change in concrete deck
and uniform temperature change in girder, Condition 2.

These derived equations for uniform and linear vol-
ume changes in the deck can be used to calculate the degree
of restraint provided by a particular bridge design. Numerous
bridge design scenarios were reviewed to determine the
effect of restraint, and the following observations were made.

* Shrinkage and thermal stresses in a bridge deck depend
on the restraint provided to the deck by the girders.
Because girders restrain a deck at the soffit and not the
centroid of the deck, the eccentric restraint causes both
membrane (in-plane) and bending stresses in the deck.
These effects are complicated, and stress reversals can
occur when bending stresses exceed membrane stresses.
Even uniform shrinkage or temperature changes can
cause tensile stresses on one surface of the deck and
compressive stresses on the opposite face.

* When a uniform free-strain is applied to a deck (Figure
4), the girders partially restrain longitudinal movement
of the deck, and the eccentric restraint causes the deck
to bend. The longitudinal restraint causes membrane
stresses in the deck, and the bending causes bending
stresses. For some geometries, restraint bending
stresses are small and restraint stresses in the deck are
nearly uniform. For other geometries, bending stresses
are larger than membrane stresses, and stress reversal
develops in the deck. When large steel plate girders or
large concrete girders support the deck, they restrain
approximately 15 to 20 percent of the uniform free-
strain at the upper surface of the deck, and approxi-
mately 25 to 35 percent at the soffit. Smaller steel or
concrete girders typically restrain little or no free-strain
at the upper surface, and between approximately 20 and
25 percent at the soffit.

¢ When a linear free-strain is applied to the deck, (Figure
5), girders restrain most of the curvature that would
develop if the deck were separated from the girders.
Steel girders typically restrain between 85 and 95 per-
cent of this curvature, while concrete girders usually

restrain between 75 and 95 percent; larger girders
restrain more curvature. For the Chapter 1 example
shown in Figure 2, Condition 3, a 30-m (98.4-ft) com-
posite span would bow 8 mm (0.32 in.), only 5 percent
of the 160 mm (6.3 in.) bowing potential. However,
because of an interface shear, final strains in the deck are
less than the curvature restraint indicates. Large steel or
concrete girders can restrain about 60 percent of the
free-strain at the upper surface, and smaller girders often
restrain between 35 and 45 percent at the upper surface.
When linear free-strains are applied to most decks,
bending stresses are larger than membrane stresses, and
stress reversals develop in the deck.

These calculations show that restraint can be significant in
many bridge designs, particularly with large girders. Of par-
ticular value to design engineers is the ability to select bridge
systems with least restraint, based on the equations derived
in this project. Most bridge decks can be assumed to have a
reasonably linear strain distribution from shrinkage effects,
because the top surface will usually dry quicker than the bot-
tom surface, and for SIP metal decks the bottom deck surface
has limited drying, if any.

Concrete Effective Modulus of Elasticity

Analyses found that the concrete effective modulus of
elasticity significantly affects tensile stress in the deck and
cracking. Disregarding Poisson’s effect, volume changes
from shrinkage and thermal effects create tensile stresses
directly in proportion to the concrete’s effective modulus of
elasticity, adjusted for creep. :

While creep is usually assumed to be a long-term factor,
creep of young low-strength concrete, even for short periods
of time, can reduce tensile stresses in restrained concrete.
Creep of high-strength concrete will also help reduce
restrained tensile stresses, but not to the same extent as with
low-strength concrete, because high-strength concrete has a
higher instantaneous modulus and lower creep, which result
in much higher effective moduli of elasticity at all ages.

Early low-strength concrete with a 1- to 2-day instanta-
neous modulus of elasticity of 6.9 GPa (1 X 10° psi) could
have a creep potential during an early period of 5 times the

. instantaneous elastic strain. Under these conditions, the

effective modulus of elasticity that creates restrained tensile
stresses in the concrete would be reduced to one-sixth of the
elastic modulus to a value of only 1.15 GPa (0.17 X 10° psi).
For this condition, a contraction strain, if restrained, would
produce only a small tensile stress because of early high
creep potentials.

A similar ultra-high-strength concrete with a 1- to 2-day
instantaneous modulus of 41.3 GPa (6 X 10° psi) would have
a very low creep potential of 50 percent of the instantaneous
elastic strain during an early period. Under these conditions,
the effective modulus of elasticity would be reduced to 67



percent of the elastic modulus to a value of 27.6 GPa (4 X
106 psi), which is 24 times that of the low-strength concrete.
These two examples show that for an identical 1 pe con-
traction, the low-strength concrete develops under full
restraint only 1.15 kPa (0.17 psi) tensile stress whereas the
ultra-high-strength concrete develops 24.8 kPa (4.0 psi) ten-
sile stress. For a 500 pe free-strain contraction, and a 50 per-
cent restraint, these two conditions would develop 0.29 MPa
(42 psi) and 6.89 MPa (1000 psi) tensile stresses, respectively.
The parameter study examined the influence of the effec-
tive concrete moduli of elasticity on shrinkage and thermal
stresses, with modulus values ranging from 3.4 to 31.0 GPa
(0.5 to 4.5 X 10° psi). The lowest value represents fresh con-
crete or low-strength concrete that has undergone substantial
creep, and the larger value represents moderately high-
strength concrete [42.1 MPa (6000 psi)] that has undergone
no creep, or very high-strength concrete [69 MPa (10,000
psi)] that has undergone reasonable creep. More than 18,000
bridge scenarios were considered in the parameter study and
maximum stresses developed for restrained bridge decks were
calculated for different shrinkage and thermal conditions.

Shrinkage Effects

Concrete shrinks when it dries. The long-term drying
shrinkage values for smali-sized concrete cylinders, prisms,
and slabs typically range from 500 to 1000 ue when stored at
50 percent relative humidity and 23°C (73°F). The authors
found that the magnitude of drying shrinkage is a major fac-
tor in tensile stress development and deck cracking. The ana-
lytical studies show that for effective modulus of elasticity
values of 31.0 GPa (4.5 X 10° psi) extremely high tensile
stresses greater than 2.8 to 14.0 MPa (400 to 2000 psi) can
develop with as little as 100 to 500 pe deck shrinkage in
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simple-span bridges and higher tensile stresses develop in
multispan bridges. These stresses can easily crack concrete.
When lower effective moduli values, representative of
greater creep or lower instantaneous modulus, are used to
calculate tensile stresses, lower tensile stress will occur,
directly proportional to the effective moduli.

Typical shrinkage data for cylindrical concrete columns
with volume-to-surface ratios of 1.0 to 6.0 are shown in Fig-
ure 6. It is quite apparent that specimen size dramatically
influences the rate and magnitude of the drying shrinkage in
the first 100 days. This shows that concrete bridge members
with different volume-to-surface ratios will produce differ-
ential shrinkage effects during the bridge’s entire life, but
particularly in the first months. Therefore, even if a concrete
mixture is proportioned and cured to achieve a minimum ul-
timate final shrinkage, differential shrinkage will occur
between different-sized decks and girders.

Materials and methods to achieve minimum concrete
shrinkage were reviewed because shrinkage is a major factor
in tensile stress development and deck cracking. Highway
agencies have made the following recommendations to
achieve minimum drying shrinkage for bridge deck concrete:

» Use lower amounts of portland cement.

* Use low heat of hydration pozzolans.

* Use minimum paste volumes and minimum free-
shrinkage. '

* Use minimum water contents and HRWRAs.

» Use Type II'and avoid Type III cement.

» Use larger-sized aggregates.

* Use good quality low-shrinkage aggregates.

* Avoid clay contaminates in aggregates.

¢ Avoid placement temperatures over 27°C (80°F); use
ice to reduce concrete temperature.

” T T T T T T T T
I
£ 1200} _ .
o _ r Volume to Surface Ratio
; 1000 100mm (4 in.) Diameter 1.0 l N
= / 1.5
Z 800 ' 2.0 ]
< 3.0
[+ 4

600 4.0 -
p 5.0
w
o 400 6.0 ]
14
Z 200 i
% 610mm (24 in.) Diameter PCA BULLETIN D103
0w 0 1 1 ] 1 1 ] ! L

200 400 600 800 1000 1200 1400 1600 1800
TIME, DAYS

Figure 6. Typical shrinkage data for cylindrical concrete columns with volume-to-surface ratios of 1.0 to 6.0.
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» Reduce bleeding by having a relatively smooth grading
curve. .
» Use shrinkage-compensating cement.
‘e Cast concrete at least 11°C (20°F) cooler than the ambi-
ent air temperature.
* Avoid castings in the morning and early afternoon and
cast in the late afternoon or evening.
. » Avoid calcium chloride and triethanolamine admix-
tures. .
» Commence moist curing as early as possible; water fog-
ging should be performed before initial set.

All types of cement cause concrete shrinkage, but some
cause more than others. For example, a cement deficient in
gypsum will shrink more than a cement with the optimum
gypsum content. While concrete shrinkage can be reduced,
the ultimate final shrinkage will still be a substantial value,
probably at least 500 pe.

Thermal Effects

The analytical studies indicate that tensile stresses from
thermal effects are inevitable in bridge decks. Concrete and
steel materials have different coefficients of thermal expan-
sion. Steel generally has a higher coefficient of 12 pe/°C (6.7
ue/°F) when compared to concrete that has a range from 7.2 to
12.6 pue/°C (4 to 7 pe/°F), depending largely on aggregate type.

Hydration Temperature Stresses. The first thermal
stresses devefop in the deck within the first 1 or 2 days after
placement. During this time, the cement is hydrating and
generating substantial heat; this heat gain is larger with
thicker members. Temperatures then cool to match sur-
rounding air or structure temperatures. When concrete is still
plastic or of very low strength, it can adjust to changing tem-
peratures without developing significant stresses; however,
after hardening, temperature changes cause stresses.

When a deck is cast monolithically with concrete girders,
thermal stresses caused by hydration are often minimized
because both the deck and girders generate hydration heat
and then cool and the temperature difference is minimized.
Stresses develop in this bridge type from hydration, because
the deck usually cools quicker than the more massive
girders.

Thermal stresses from hydration are worse in a steel-girder
bridge, and worst in a concrete bridge when the deck is cast
after the girders. Concrete conducts heat slower than steel,
and the greater mass of the girders will cause the girders to
respond slower to the changing deck temperatures. Steel
girders typically conduct heat quicker than concrete girders,
and upper flanges will warm and cool more with the deck,
reducing the temperature difference at the interface. A 28°C
(50°F) temperature change in the deck relative to the girders
can cause stresses greater than 1.4 MPa (200 psi) when the
young concrete has an effective modulus of elasticity of only

3.4 GPa (0.5 X 10° psi), and greater than 6.9 MPa (1000 psi)
when the effective modulus is 17.2 GPa (2.5 X 10° psi). The
Portland-Columbia Bridge concrete had a 1-day instanta-
neous modulus of 19.2 GPa (2.79 X 106 psi), just as the heat
of hydration cooling period finished.

Diurnal Temperature Stresses. For most bridges, diur-
nal temperature changes within the bridge produce the
largest thermal stresses. The diurnal temperature cycles of
the bridge decks usually exceed the ambient air temperature
cycle, especially on surfaces directly exposed to solar radia-
tion. Bridge decks in moderate or extreme climates can eas-
ily experience 28°C (50°F) diurnal temperature cycles. The
upper surface of the deck typically heats and cools quicker,
because it is exposed to direct solar radiation and precipita-
tion. Because heat does not transfer instantly to the girders,
temperatures are rarely uniform in a bridge, and temperature
gradients usually exist. The parameter study analyses
revealed that a linear temperature gradient in the deck, not a
uniform temperature gradient, typically produces the largest
deck stresses and the greatest risk of transverse cracking.

In a simply supported bridge, thermal tensile stresses in
the deck may reach 9.3 MPa (1350 psi) with steel girders, and
10.2 MPa (1480 psi) with concrete girders. Diurnal thermal
stresses are often larger over the interior supports of a con-
tinuous-span structure. Thermal tensile stresses above these
interior supports may exceed 9.6 MPa (1400 psi) with steel
girders and nearly 13.8 MPa (2000 psi) with concrete gird-
ers. All of these stresses are sufficient to cause transverse
deck cracking, especially over the interior supports of a con-
tinuous-span structure.

Seasonal Temperature Stresses. Seasonal temperature
changes are small or negligible in concrete bridges because
both deck and girders typically have similar or the same ther-
mal expansion rates. Deck stresses in concrete bridges
caused by seasonal (uniform full-depth) temperature changes
only occur because of the expansion difference of the deck
reinforcing steel.

When steel girders support the concrete deck, seasonal
temperatures will cause thermal stresses for those types of
concrete that do not have the same thermal expansion rate as
steel. Since most concretes have a lower coefficient of ther-
mal expansion than steel, seasonal temperature decreases
will generally cause compressive stresses to develop in the
deck, and temperature increases will cause tensile stresses in
the deck. A uniform full-depth temperature change in a steel
bridge may cause stresses as large as 2.0 MPa (284 psi) in a
simply supported span, and 2.0 MPa (291 psi) over interior
supports of a continuous bridge.

Factors Affecting Thermal Stresses. Many factors
affect bridge temperatures. The primary factors include the
concrete material itself, geometry of the bridge, construction
techniques, and environment.



Material properties—Thermal stresses that develop from
seasonal (full-depth) temperature changes are linearly pro-
portional to the different material thermal expansion rates.
For temperature changes in the deck only, thermal stresses
are linearly proportional to the concrete coefficient of ther-
mal expansion. If this expansion rate is reduced 10 percent,
thermal stresses are also reduced by this same amount. Gen-
erally, the combined thermal stresses increase if the concrete
coefficient of thermal expansion increases.

The concrete effective modulus of elasticity affects ther-
mal stresses in the deck; larger moduli typically cause large
stresses. Poisson’s ratio also affects stresses, and larger ratios
typically produce larger deck stresses.

Geometry—Geometry affects thermal stresses less than
material properties. Generally, larger deck stresses develop
with larger girders at a narrower spacing, and with thinner
decks, but many exceptions occur. Deck reinforcement has a
small affect on thermal stresses in the deck. Steel studs or
channels used with steel girders increase adjacent stresses
approximately 20 percent.

Construction techniques—Construction can significantly
affect initial temperatures and thermal stresses. The exother-
mic hydration of the cement and weather affect temperatures
during the first 1 or 2 days after placement. When a bridge
deck is placed between morning and late afternoon, warm air
temperatures.and high solar radiation typically heat the con-
crete as it is setting. As the concrete warms, the rate of hydra-

tion and the heat generated increases. Temperatures in .

the deck would be warmer under these conditions than if
the concrete had been placed during early evening when
weather cools the concrete and decreases the final tempera-
ture. Reducing the peak hydration temperature reduces ini-
tial thermal stresses and the risk of early transverse deck
cracking. .

With steel-girder bridges, placing the deck on a warin
day (early or mid-evening preferred), typically causes
compressive stresses in the deck on cooler days. These
stresses will offset other shrinkage and thermal stresses,
and reduce the risk of transverse deck cracking. For most
steel-girder bridges, the risk of transverse deck cracking
caused by seasonal temperature changes is reduced when
the concrete is placed during warm summer days, and the
risk increases when the concrete is placed during cold win-
ter days. :

Environment—Thermal stresses and the risk of transverse
deck cracking are greatest when large seasonal temperature
differences exist, solar radiation is high, and diurnal tem-
peratures cycles are large. These conditions vary greatly by
geographical location and are unavoidable. Additional care
is necessary to prevent or reduce cracking in those geo-
graphical areas that produce large bridge temperature
changes.

Materials and methods to achieve minimum concrete
thermal volume changes were reviewed because these
thermal effects are major factors in tensile stress develop-
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ment and deck cracking. The following recommendations
are made to achieve minimum thermal effects for bridge
decks:

* Use lower amounts of portland cement. - -

* Use low heat of hydration portland cements and poz-
zolans.

* Use minimum paste volumes.

*» Use larger-sized aggregates.

* Use aggregates with low coefficients of expansion.

» Avoid placement temperatures over 27°C (80°F); use
ice to reduce concrete temperature.

» Cast concrete at temperatures at least 11°C (20°F)

cooler than the ambient air temperature.

Avoid castings in the morning and early afternoon and

use late afternoon or evening castings.

* Minimize solar radiation effects on bridge deck concrete

_ during casting.

 Specify bridge deck concrete based on 56- or 90-day
compressive strengths to allow lower heat of hydration
cementitious concrete systems with pozzolans to be used.

Although concrete thermal effects can be reduced, the
coefficient of thermal expansion will still be substantial
because its value is determined dominantly by the aggregate
type, a factor that cannot generally be controlled. More con-
trol can be exercised over the early heat of hydration effects.

Stresses from Shrinkage and Thermal Effects

Two systems of equations were derived to analyze strains
and stresses in a composite bridge. The first system assumes
a uniform equivalent temperature change in the deck and an
independent uniform equivalent temperature change in the
girders, as shown in Figure 4.

Shrinkage and temperature changes can produce identical
stresses in a bridge. Shrinkage stresses can be calculated with
the derived equations by using equivalent temperature
changes instead of actual temperature changes. These equiv-
alent temperature changes, when multiplied by the (arbitrary)
material coefficient of thermal expansion, must produce the
same free-strain (the strain that would develop if the deck
and girders were perfectly separated) as the shrinkage.

The second system analyzes strains and stresses in a com-
posite bridge from a linear equivalent temperature change in
the deck, and an independent uniform equivalent temperature
change in the girders matching the temperature change at the
deck soffit, as shown in Figure 5.

The following is a summary of the maximum deck stresses
calculated for simply supported steel-girder bridges for the
various thermal and shrinkage studies. A temperature change
of +28°C (£50°F) and a free-shrinkage strain of 100 pe (the
maximum stresses from a 500 pe free-shrinkage are also pro-
vided) were considered in this analysis.
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Temperature or shrinkage, simply supported steel

girder bridge

Maximum Deck Stresses

Tension

Compression

28°C (50°F) uniform increase, full section

1.9 MPa (284 psi)

1.5 MPa (221 psi)

28°C (50°F) uniform decrease, full section

1.5 MPa (221 psi)

1.9 MPa (284 psi)

28°C (50°F) uniform increase, deck section only

2.2 MPa (313 psi)

5.9 MPa (861 psi)

28°C (50°F) uniform decrease, deck section only

5.9 MPa (861 psi)

2.2 MPa (313 psi)

28°C (50°F) linear increase, deck section only

5.9 MPa (851 psi)

9.3 MPa (1352 psi)

28°C (50°F) linear decrease, deck section only

9.3 MPa (1352 psi)

5.9 MPa (851 psi)

100 pe uniform shrinkage

1.9 MPa (279 psi)

0.6 MPa (86 psi)

100 pe linear shrinkage

2.8 MPa (407 psi)

1.6 MPa (238 psi)

500 pe uniform shrinkage

9.6 MPa (1395 psi)

3.0 MPa (430 psi)

500 pe linear shrinkage

The following is a summary of the max-
imum stresses calculated in the deck of a
simply supported, cast-in-place concrete-
girder bridge for the thermal and shrinkage
studies, with an -applied temperature

Temperature or shrinkage, simply supported
concrete girder bridge

14.0 MPa (2035

psi)

8.2 MPa (1190 psi)

change of 28°C (50°F) and applied free-
shrinkage differential strain of 100 pe
between the deck and the concrete girders.
(The maximum stresses from a 500 pe free-
shrinkage differential are also provided.)

Maximum Deck Stress

Tension Compression

28°C (50°F) uniform increase, full section

0.69 MPa (100 psi)

1.38 MPa (200 psi)

28°C (50°F) uniform decrease, full section

1.38 MPa (200 psi)

0.69 MPa (100 psi)

28°C (50°F) uniform increase, deck section only

2.59 MPa (375 psi)

7.89 MPa (1144 psi)

28°C (50°F) uniform decrease, deck section only

7.89 MPa (1144 psi)

2.59 MPa (375 psi)

28°C (50°F) linear increase, deck section only

5.70 MPa (827 psi)

10.2 MPa (1480 psi)

28°C (50°F) linear decrease, deck section only 10.2 MPa (1480 psi) | 5.70 MPa (827 psi)
100 pe uniform deck shrinkage 2.42 MPa (351 psi) | 0.72 MPa (104 psi)
100 pue linear deck shrinkage 3.0 MPa (441 psi) 1.5 MPa (219 psi)
500 pe uniform deck shrinkage 12.1 MPa (1755 psi) | 3.59 MPa (520 psi)

500 ue linear deck shrinkage

As shown, shrinkage and temperature
changes can cause a wide range of stresses
in all types of simply supported bridges.
Usually, a linear free-strain distribution in
the deck (from temperature or shrinkage)
produced the largest stresses, and the full-
depth uniform free-strains produced the
smallest stresses. For most geometry and
material combinations, a temperature
decrease will cause tensile stresses in the
deck, as will shrinkage of the deck. Usually -
shrinkage and temperature stresses in a

15.2 MPa (2205 psi) | 7.55 MPa (1095 psi)

concrete bridge are similar to those in a
steel-girder bridge, although maximum
values are slightly higher in the concrete
bridge.

The following is a summary of the maxi-
mum total stresses that would develop in the
concrete deck of the continuous steel-girder -
bridge for the thermal and shrinkage studies
for a temperature change of 28°C (50°F)
and applied free-shrinkage strain of 100 pe.
(The maximum stresses from a 500 pe
shrinkage are also provided.)



Temperature or shrinkage,
multispan steel girder bridges
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Maximum Total Stress

Tension Compression

28°C (50°F) uniform increase, full section

2.0 MPa (291 psi) 1.55 MPa (225 psi)

28°C (50°F) uniform decrease, full section

1.55 MPa (225 in.) 2.0 MPa (291 in.)

28°C (50°F) uniform increase, deck section only

1.38 MPa (200 psi)  |6.08 MPa (882 psi)

28°C (50°F) uniform decrease, deck section only

6.08 MPa (882 in.) |1.38 MPa (200 in.)

28°C (50°F) linear increase, deck section only

0.10 MPa (14 psi) 9.73 MPa (1412 psi)

28°C (50°F) linear decrease, deck section only

9.73 MPa (1412 in.) |0.10 MPa (14 in.)

100 pe uniform shrinkage

1.96 MPa (284 psi)  |0.39 MPa (57 psi)

100 pe linear shrinkage

2.91 MPA (422 psi)  [0.13 MPa (19 psi)

500 pe uniform shrinkage

9.78 MPa (1420 psi) |1.96 MPa (285 psi)

500 pe linear shrinkage

Except for uniform full-depth tempera-
ture changes, both temperature decreases
and shrinkages cause tensile continuity
stresses over the interior supports. Because
the corresponding simple stresses are
either tensile or compressive, total stresses

“are larger than simple stresses with some
parameter combinations, and are less with
other combinations. As such, some steel-
girder bridges will crack more near interior

14.54 MPa (2110 psi) |0.59 MPa (95 psi)

supports, and others will crack less.
For the most part, the same parameters that
have a large effect on simple stresses also

" have a large effect on total stresses.

The following is a summary of the maxi-
mum total stresses that would develop in the
concrete deck of a multispan, cast-in-place,
reinforced concrete bridge over the interior
supports for the thermal and shrinkage stud-
ies, as described in the preceding sections.

Maximum Total Stress

Temperature or shrinkage, - -
multispan concrete girder bridges Tension Compression
28°C (50°F) uniform increase, full section 0.27 MPa (39 psi) 2.25 MPa (327 psi)
28°C (50°F) uniform decrease, full section 2.25 MPa (327 psi) 0.27 MPa (39 psi)
28°C (50°F) uniform increase, deck section only none 13.5 MPa (1958 psi)
28°C (50°F) uniform decrease, deck section only [13.5 MPa (1958 psi) none

28°C (50°F) linear increase, deck section only none 13.6 MPa (1969 psi)
28°C (50°F) linear decrease, deck section only 13.6 MPa (1969 psi) none

100 pe uniform shrinkage 3.86 MPa (560 psi) none

100 pe linear shrinkage 3.88 MPa (563 psi) none

500 pe uniform shrinkage 19.29 MPa (2800 psi) none

500 pe linear shrinkage 19.40 MPa (2815 psi) none

A wide variety of very high total stresses
can develop in the deck of a continuous steel
or cast-in-place concrete bridge over the
interior supports from shrinkage and tem-
perature changes. Almost always, a linear
free-strain in the deck (from temperature or
shrinkage) produced the largest stresses,
and the full-depth uniform free-strains pro-
duced the smallest stresses. For most geom-
etry and material combinations, a uniform
or linear temperature decrease in the deck
will cause tensile stresses in the deck over

the interior supports, as will shrinkage dif-
ferentials of the deck.

Curvatures develop when a bridge deck
shrinks or changes temperature. For a given
shrinkage or temperature change, bridges
with concrete girders typically develop
larger curvatures than bridges with
steel girders. In continuous-span bridges,
interior supports restrain this curvature and
stresses develop as a result. Because
bridges with concrete girders tend to
develop larger curvatures, they are often
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affected more by continuity over supports and have larger
total stresses.

The centroidal bending axis of the composite bridge sec-
tion lies within the girder and not the deck. The external
restraint provided by the interior supports causes bending
that produces stresses in the deck that are either tensile or
compressive, not both. These bending stresses are often

* larger than the simple-span stresses to which they are added.
For continuous concrete girders, the combined total stresses
in the deck over the interior support were either tensile or
compressive over the full-depth of the deck, but stress rever-
sals often occur within the deck away from support where
continuity stresses dissipate. A temperature decrease in the
deck always caused full-depth tensile stresses in the deck at
the interior support, larger than the simple-span tensile
stresses away from the support. Therefore, continuity over
supports can increase transverse cracking in bridges with
concrete girders.

The initial concern for most bridges, especially over inte-
rior supports, is temperature. Most bridges may undergo a
28°C (50°F) temperature increase from hydration during the
first 24 to 48 hrs, followed by a temperature decrease. If the
deck is cast when the concrete girders are cast, the deck will
reach even higher temperatures. A temperature change of
28°C (50°F) can cause total stresses aslarge as 1.0 MPa (150
psi) in concrete-girder bridges, and nearly 1.38 MPa (200
psi) in continuous steel-girder bridges when the concrete
effective modulus of elasticity is a mere 3.4 GPa (0.5 X 10°
psi), and greater than 5.5 MPa (800 psi) when the effective
modulus is 17.2 GPa (2.5 X 10° psi). Such stresses may cause
transverse cracking. :

Even if the deck does not crack during the first several
days when temperatures are unstable, substantial stresses
near the tensile strength of the concrete may have developed.
Then, combined with additional temperature changes and
shrinkage, total stresses may increase and exceed the strength
of the concrete.

EARLY DRYING AND PLASTIC CRACKING

Plastic shrinkage cracks occur while the concrete is rela-
tively fresh and has not started to harden. They usually appear
on exposed horizontal surfaces, and can occur any time that the
ambient conditions (temperature, humidity, wind velocity) are
conducive to rapid evaporation. Plastic shrinkage cracking
generally occurs when the rate of evaporation exceeds the rate
of concrete bleeding. The width of the crack at the location of
the start of separation may be as much as 6.3 mm (¥+in.); how-
ever, the cracks are usually no more than 0.6 or 0.9 m (2 or 3
ft) long, and are rarely more than 50 to 75 mm (2 to 3 in.) deep.
Such cracks are seldom significant structurally.

This type of cracking has become a significant problem
since 1974 because of the wide usage of low water-cement
ratios, latex modifiers, superplasticizers, and silica fume.
Latex and HRWRAs greatly reduce the water content and
therefore the bleeding capacity of concretes. The rate of
evaporation can therefore more easily exceed the rate of

bleeding. Silica fume intensifies the problem because
HRWRASs must be used to compensate for the extreme fine-
ness of the silica fume material. The HRWRA reduces the
amount of bleed water available while the high fineness of
the silica fume reduces the rate at which water moves
through the concrete.

. The solutions to the problem are to reduce the evapora-
tion rate, increase the bleeding capacity of the concrete, or
both. Sunscreens, windbreaks, fog mist, or monomolecular
evaporation retarder films can reduce evaporation to vari-
ous degrees. The most effective means of reducing evapo-
ration is with impermeable curing covers such as polyeth-
ylene sheeting. However, this method can-be cumbersome
for decks subjected to wind and adjacent traffic. The most
cost-effective method to date has been the use of a fog mist
applied to the concrete surface. This must be done with a
commercial grade fog nozzle, which produces a very fine
mist that does not damage the concrete surface and provides
coverage. Care must be exercised so that none of this
fogged water becomes part of the concrete during finishing.
Wetting down the forms before the concrete is placed is
also helpful. Increasing the bleeding capacity of the con-
crete is usually not practical; however, water-reducing
admixtures containing hydroxylated carboxylic acid often
increase bleeding. »

It is well-known that on hot days evaporation occurs, but
it is not generally recognized that more severe evaporation
may occur during cooler weather. High evaporative condi-
tions can occur in cold weather as well as in warm weather.
Concrete also takes longer to harden in cool weather so it is
subjected to evaporation in the plastic state for a longer time
than when cast in warm weather. Plastic shrinkage cracks can
be more severe if warm concrete is cast in winter conditions.
The warm concrete heats the air immediately above the sur-
face, reducing its relative humidity. This warm moist air is
replaced by cold dry air that quickly warms up and absorbs
more moisture, aggravating the drying. _

Figure 7 shows a nomograph by Lerch (52) relating air
temperature, relative humidity, concrete temperature, and
wind speed to evaporation. This nomograph is also found
in the ACI Manual of Concrete Practice, Sections ACI-305
“Hot Weather Concreting” (53) and ACI-308 “Curing.”
(54) It is generally accepted that plastic shrinkage cracking
is less likely to occur when the evaporation rate does not
exceed 1 kg/m%hr (0.2 1b/ft¥hr). However, this value was
established for ordinary concrete mixtures and is undoubt-
edly not applicable to concretes with low water-cement
ratio and high cement contents, or those containing addi-
tives such as superplasticizers or silica fume, which bleed
less or not at all. It may be appropriate to specify a lower
allowable evaporation rate for these bridge deck type con-
cretes. '

Table 3 shows relative humidities at which the evaporation
rate for conventional concretes does not exceed 0.1 kg/m*hr
(0.2 1b/ft*/hr) for various air temperatures, concrete temper-
atures, and wind speeds. For example, when concrete tem-
peratures are between 27 and 32°C (80 and 90°F) and wind
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Figure 7. Nomograph relating air temperature, relative humidity, concrete
temperature, and wind speed to evaporation rate. (Lerch [49])

speeds are a moderate 16 to 24 km/h (10 and 15 mi/h), con-
crete should not be placed at ambient air temperatures less
than 4°C (40°F). If the concrete temperature is 32°C (90°F)
it should not be placed at ambient air temperatures of 16°C
(60°F) or lower, unless immediate fog curing can maintain
the concrete in a saturated condition.

The nomograph does not describe wind speeds in simple
terms. Table 4 shows the Beaufort scale for wind speeds and
a general description of the wind. A gentle breeze is typically
16 km/h (10 mi/h) and a moderate breeze is 24 km/h (15

mi/h). With wind speeds above 16 km/h (10 mi/h), a gentle
breeze, strict control of temperature, humidity, and place-
ment temperatures are required to reduce evaporation rates
below 1 kg/m%hr (0.2 Ib/ft*/hr). _

If the wind speed over the concrete can be reduced to less
than 8 km/h (5 mi/h) by using wind breaks, there is a low
probability of plastic shrinkage cracking. Specifications
should require wind breaks and immediate water fogging if
the evaporation rate exceeds 1 kg/m*hr (0.2 Ib/ft*/hr) for nor-
mal concretes or 0.5 kg/m?/hr (0.1 1b/ft*/hr) for concretes sus-



48

TABLE 3 Safe placement humidity: evaporation rate less than 0.1 kg/m*hr

(0.2 Ib/ft?/hr)
Air temperature, Concrete temperature, Wind speed, Safe placement
°C (°F) °C (°F) km/h, mi‘h humidity, %*
4 (40) 27 (80) 16 (10) None
4 (40) 27 (80) 24 (15) None
16 (60) 27 (80) 16 (10) 50 - 100
16 (60) 27 (80) 24 (15) None
27 (80) 27 (80) 16 (10) 25 - 100
27 (80) 27 (80) 24 (15) 50 - 100
38 (100) 27 (80) 16 (10) 15 - 100
38 (100) 27 (80) 24 (15) 35 - 100
4 (40) 32 (90) 16 (10) None
4 (40) 32 (90) 24 (15) None
16 (60) 32 (90) 16 (10) None
16 (60) 32 (90) 24 (15) None
27 (80) 32 (90) 16 (10) 60 - 100
27 (80) 32 (90) 24 (15) 88 - 100
38 (100) 32 (90) 16 (10) 37 - 100
38 (100) 32 (90) 24 (15) 47 - 100
*

excessive evaporation.

Note:

Values less than these levels will increase the probability of deck cracking due to

To prevent cracking from occurring at the various air temperatures, placement

temperatures, and wind speeds, the RH must not exceed values given.

ceptible to plastic cracking such as those containing low
water-cement ratios, silica fume, or HRWRA.

CONCRETE DRYING SHRINKAGE

The loss of mixing water from newly cast concrete during
exposure to air at less than 100 percent relative humidity

TABLE 4 Beaufort scale of wind speeds

Beaufort Scale km/h (mi/h) Description
0 0 Calm
1 3 Light
2 8 (5) Light breeze
3 16 (10) Gentle breeze
4 24 (15) Moderate breeze
5 32 (20) Fresh breeze
6 40-50 (25-31) Strong breeze
7 51-61 (32-38) Moderate gale
8 63-74 (39-46) Fresh gale
9 75-87 (47-54) Strong gale
10 88-101 (55-63) Whole gale
1 103-117 (64-73) Storm
12 >120 (>74) Hurricane

(RH) causes drying shrinkage. Starting from the saturated
condition, the relation between water lost and unrestrained
drying shrinkage of new concrete is roughly linear through
two distinct phases. In the first phase, the water lost consists
primarily of free water, and shrinkage is small. During the
second phase, absorbed water is lost and shrinkage can be
large. The absorbed water is contained in capillary and gel
pores. Drying shrinkage of unreinforced, unrestrained newly
cast concrete in a 23°C (73°F), 50 percent RH environment
can range from about 500 to 1000 pe. Concrete shrinkage in
air having higher or lower RH can be much lower or higher
than the typical range stated above.

Most of the drying shrinkage of the deck will occur within
the first year after construction. Because decks with SIP
metal forms only dry from one surface, they will take longer
to dry than decks with removable forms.

The large surface-to-volume ratio makes bridge decks
especially susceptible to rapid drying. Within the concrete,
the rate of moisture loss varies inversely as the square of the
distance from the nearest drying surface. The higher the
surface-to-volume ratio, the faster the concrete members will
dry and shrink. With rapid drying rates, a large degree of
strain differential can develop in modern, low permeability
because of the very slow diffusion of mix water toward sur-
faces. This is a result of the surface drying and shrinking,
while the interior portions of the member remain at a high
moisture content and therefore shrink much less. This can



produce compressive stresses in the interior and tensile stress
near the surface. ‘

ASTM C596 (55) can be used to determine the effect of
portland cement on the drying shrinkage of a graded Ottawa
sand mortar subjected to standard temperature, RH, and
evaporation rates. However, the drying shrinkage of paste or
mortar may not be good predictors of the drying shrinkage of
concrete. ‘

Careful selection of concrete materials can reduce drying
shrinkage. Aggregate type and grading, water content,
cement content, concrete placement temperature, and curing
all affect performance. To reduce the overall shrinkage,
designers should specify the largest practical maximum
aggregate size should be used, the aggregates and cement
should have low shrinkage characteristics, fines and clay
material passing the 200 mesh should be a minimum, and the
least amount of cement or cementitious materials to achieve
the required compressive strength should be used.

CURING

Ineffective moist curing was the most common reason sug-
gested by the transportation agencies for excessive transverse
deck cracking (6,50). The first several days are critical to the
strength and durability of the deck. The survey revealed that
curing practices varied widely and that many DOTs do not
have a standard method of curing bridge decks. Many agen-
cies allow only membrane or curing compounds, while others
require curing compounds and long-term wet curing. Some
specifications allow the contractor to select curing options; an
option that may encourage selecting the least expensive, but
not necessarily an effective curing method.

Curing has a strong influence on the properties of hard-
ened concrete such as durability, strength, watertightness,
abrasion resistance, volume stability, and resistance to freez-
ing and thawing and deicer salts.

Evaporation retarders can significantly reduce the number
of small deck cracks that form (28). Very early plastic deck
cracking can be significantly reduced if fogging or evapora-
tion retarder films are used immediately after strike-off.
Moist curing, using wet burlap instead of a curing com-
pound, can result in fewer small cracks, provided the moist
cure is applied early. Conversely, delayed water curing
increases the number of cracks.

Curing appears most important to high cement content,
low water-cement ratio concretes. Extended wet curing of 60
days did not significantly change the time-to-cracking of ring
specimens having 278 kg/m*® (470 lb/yd®), and a water-
cement ratio of 0.5. However, the average time-to-cracking
of the mix with 501 kg/m® (846 Ib/yd*) cement and 0.35
water-cement ratio was extended from 11.7 days to 21.0
days, with 60 days of wet curing.

Continuous Moist Curing

Continuous moist curing is performed by applying a con-
tinuous water mist, by water ponding, -or by applying satu-

49

rated coverings such as wet burlap. With the high cement
contents and the low water contents in modern concrete
mixes, wet curing is the best method to reduce the evapora-
tion of the already limited amount of mix water. Wet curing
also cools the concrete, reducing the thermal stresses that
result from the heat of hydration. Absorbent material should
be prewetted before placing on the concrete to prevent the
wicking of moisture from the concrete. This can-be difficult
to do in the field because of the fabric’s excessive weight
when wet. Therefore, prewetting the deck and immediate
wetting of the installed dry fabric is sometimes done. Once
started, care should be taken to prevent drying. Special atten-
tion to maintain the covering on the sides and edges of the
deck must be given to prevent the wind from uncovering the
edges and allowing the concrete to dry.

Membrane Curing

Membrane curing consists of spraying a chemical com-
pound on the surface of the concrete to prevent drying. It has
the advantage of being applied sooner than wet curing blan-
kets and its effectiveness does not end abruptly. Curing com-
pounds should conform to the requirements of ASTM C309.
White-pigmented curing compounds should be used in hot
weather to reduce the temperature of the concrete.

Application of white-pigmented curing compound as soon
as possible after finishing followed by continuous wet curing
is preferred. The surface of the concrete should still be damp
when the curing compound is applied. In combination, the
curing compound will reduce the initial and later drying, and
wet curing will prevent moisture loss and cool the concrete.

Sheet curing by placing plastic sheeting over the concrete
is only effective if the concrete is kept continuously wet
under the plastic. Plastic sheeting can be used to help keep
wetted burlap or fabric moist, but plastic should not be the
only method for curing decks.

Standardization of Curing

The environment during casting must be controlled to pro-
duce more consistent and uniform bridge decks. AASHTO has
standard curing procedures for precast, prestressed concrete
bridgé elements but not for cast-in-place bridge decks. Unfor-
tunately, controlling the environment around the bridge when
the deck is cast is often difficult. Building an enclosure around
the bridge during casting would allow control of the environ-
ment. Enclosures would greatly reduce the risk of plastic
shrinkage cracking by reducing solar radiation, wind speed,
and evaporation rate. Controlling the moisture and tempera-
ture within the enclosure could achieve optimum curing.

Optimum curing should include the following:

» Use of fog nozzle water spray in hot weather to cool con-
crete and to cool the steel and forms immediately ahead
of the placement—ponding of water on the forms or
plastic concrete should not be allowed;

*» Use of windbreaks and enclosures when the evaporation
rate exceeds 1 kg/m%hr (0.2 1b/ft*/hr) for normal con-
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cretes or 0.5 kg/m?hr (0.1 Ib/ft*/hr) for low water-
cement ratio concretes susceptible to plastic cracking;

* Application of water mist or monomolecular film imme-
diately after strike-off or early finishing;

+ Application of white-pigmented curing compound as
soon as bleed water diminishes;

* Application of prewetted burlap as soon as the concrete
resists indentation—the burlap must be kept continu-
ously wet by continuous sprinkling or by covering the
burlap with plastic sheeting and periodic sprinkling; and

* Continuation of wet curing for a minimum of 7 days,
preferably 14 days—curing should be extended in cold
weather until the concrete has gained adequate strength.

Diamond sawcut grooving of the hardened concrete is the
preferred method of obtaining skid resistance since it will
allow the application of burlap sooner than a tined surface
and provides a more durable surface. Improved curing
enhances strength and durability of concrete. Good curing
and casting procedures should reduce plastic and early ther-
mal cracking but will not eliminate transverse deck cracking.

RECOMMENDATIONS TO REDUCE EARLY
TRANSVERSE CRACKING

Concrete Mix Design

DOTs should identify and specify concrete mixtures with
low cracking tendencies for deck concretes. They should
perform cracking-tendency ring tests on the proposed con-
crete mix designs to identify mixes least likely to crack.

The AASHTO-specified maximum aggregate size, water-
cement ratio, and minimum cement contents for Class A and
Class A (AE) concretes are in part responsible for the deck
cracking that increased after the mid-1970s. The maximum
aggregate size should not be limited; instead, the largest pos-
sible aggregate size should be used. The maximum aggregate
size should be the smaller of one-third the deck thickness, or
three-fourths the minimum clear spacing between bars. Most
bridge decks can and should be constructed with aggregate
of at least 40 mm (1”2 in.) in size; even larger aggregates
should be used when possible. Larger aggregates permit a
leaner mix (lower cement paste content) while maintaining
workability. Leaner mixes typically shrink less and are ther-
mally less expansive, reducing shrinkage and thermal
stresses. They also produce less heat during hydration, and
develop lower thermal stresses. Leaner mixes can have low
permeability, be resistant to freeze-thaw damage, and be
more economical to produce.

The AASHTO specifications should not stipulate a mini-
mum cement content, and contractors should be allowed to
minimize the amount of cement or cementitious materials, as
long as the concrete still meets strength and durability require-
ments. Type III (high early strength) cement may increase
deck cracking. Decks constructed with concrete made with
this cement will reach warmer hydration temperatures and
develop larger thermal stresses than conventional concretes.

Concretes that gain strength slowly should be specified
and used. Concrete mixes with low effective modulus of
elasticity and highest early creep should be selected because
they will have the lowest stress for a given strain. Low 7-day
strength and moderate 60- or 90-day strengths should be
specified to prevent concrete from developing a high effec-
tive modulus from the early shrinkage and thermal strains.
Fly ash is beneficial because it reduces early strength with-
out sacrificing later strength and durability. The effect of
accelerating and retarding admixtures is uncertain, but
HRWRASs probably should be encouraged. Silica fume
admixtures appear to increase cracking.

Longitudinal Deck Reinforcement

Additional longitudinal reinforcement can control trans-
verse deck cracking. Additional reinforcement will reduce
crack widths and improve serviceability. As a minimum, it is
recommended that longitudinal size 10M (slightly smaller
than a #4 bar) bars be placed at a maximum spacing of 150
mm (6 in.). This recommendation more than doubles the area
of reinforcement currently required by AASHTO, 265
mm?/m (0.125 in¥ft), and reduces the maximum spacing by
approximately one-third for most decks. Increasing the lon-
gitudinal reinforcement over supports of continuous-span
bridges may not be practical, because reinforcement at these
areas is often heavily congested.

Post-Tensioned Bridge Design

AASHTO design currently allows tensile stresses in the
longitudinally post-tensioned concrete deck of a bridge;
doing so usually produces a design with high flexural effi-
ciency. Any such tensile stresses, when combined with
inevitable shrinkage and thermal stresses, may cause addi-
tional or more severe transverse deck cracking. For this rea-
son, when it is feasible, designers should not design the post-
tensioning to cause tensile stresses in the deck. When it is not
feasible to do so, designprs should consider the effects of the
tensile stresses on serviceability, especially when the bridge
is in a corrosive environment.

Time of Placement

Concrete bridge decks should be placed during early or
mid-evening whenever possible. Doing so will reduce hydra-
tion temperatures and the resulting thermal stresses, -early
shrinkage, and the risk or severity of transverse bridge deck
cracking.

Concrete and Air Temperatures at
Time of Placement

Reducing concrete placement temperatures decreases
hydration rates and lowers the early hydration tempera-
ture cycle and resulting thermal stresses. Corresponding ther-
mal stresses are lower, as is the risk of transverse cracking.



This risk is minimized when concrete temperatures are as low
as possible. From the agency survey, the minimum specified
concrete temperature at placement ranged from 7°C (45°F)-to
16°C (60°F). Limits on the maximum concrete. temperature
are generally 32°C (90°F), but occasionally lower.

The maximum air temperature at time of casting specified
by the transportation agencies ranged from 27°C (80°F) to
35°C (95°F). The minimum air temperature at time of cast-
ing specified by the transportation agencies ranged from 2°C
(35°F) to 10°C (50°F).

It is recommended that concrete be cast 5°C (10°F) to
10°C (20°F) cooler than ambient, except when temperatures
are below 16°C (60°F), where the concrete should be cast at
ambient. To reduce concrete temperatures, aggregates should
be shaded before mixing, and ice may be used as a portion of
the mix water.

Placement Weather and Curing

Concrete should not be placed on windy days, especially
when air temperatures are hot or very cold. These conditions
accelerate concrete drying, and surface drying may occur
before curing can be started.

It is essential that proper curing techniques be employed as
soon as possible to minimize surface drying. Standardized cur-
ing techniques are needed for bridge decks. Erect windbreaks
and immediately mist the concrete with water when the evap-
oration rate exceeds 1 kg/m?*hr (0.2 Ib/ft*/hr) for normal con-
cretes or 0.5 kg/m?/hr (0.1 Ib/ft?/hr) for low water-cement ratio

concretes susceptible to early-age cracking. Curing should

include misting, curing compound, and wet blanket curing
procedures. Wet curing should be started as soon as possible,
and maintained for at least 7 days, preferably 14 days.

Finishing and Tining

Finishing procedures affect cracking. Delaying finishing
often increases cracking. Mechanical grooving of the hard-
ened concrete damages the surface of the concrete less than
rake tining during finishing and provides more uniform and
durable grooves. Mechanical grooving of the hardened con-
crete also allows the application of the curing compound and
the wetted burlap much sooner because there is no concern
for damaging the tined surface.

Structure Type

. Restraint is a major factor influencing the amount of deck
cracking. Cast-in-place concrete girders shrink and restrain
deck shrinkage less than steel girders do. With precast con-
crete girders, placing the deck when the girders are still
young helps compatibility since the deck shrinkage occurs
during shortening of the girders because of shrinkage and
creep. Deep steel-girder bridges are the most susceptible to
deck cracking. Simple-span designs should be chosen when
possible to reduce the deck stresses.
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CRACK REPAIR

As discussed, there is no consensus regarding the sizes of
acceptable and unacceptable cracks. Typical acceptable
crack widths for structures subject to deicing range from near
0 to 0.2 mm (0.001 to 0.008 in.).

When concrete cracks in a corrosive environment, embed-
ded reinforcing steel can rapidly corrode. Cracks 0.05 mm
(0.002 in.) or wider may allow infiltration of water and salts.
Most cracks are aligned with the steel exposing large areas
of the bar. A conservative approach of bonding or sealing all
visible cracks is suggested when attempting to achieve long-
term durability of structures subjected to deicers or those in
a marine environment.

Transportation agencies should establish the cause of the
cracking before selecting a repair method. Repair of crack-
ing caused by expansion products from internal chemical
reactions, cyclic freezing, or corrosion of embedded steel
may not be effective. Removal and replacement of the
affected concrete may be required. The following discussion
pertains to the repair of typical early transverse cracking.

All visible cracks should be repaired after an age of 6
months to allow the initial shrinkage of the concrete to occur.
Usual methods for crack repair in hardened concrete decks
include epoxy injection, HMWM topical treatment, applica-
tion of silane and siloxane sealers, and routing and sealing.
According to ACI 224 (56), cracks as narrow as 0.05 mm
(0.002 in.) may be repaired using epoxy injection, although the
authors have found that such repair may not always be effec-
tive. HMWM resin and silane or siloxane sealers will work on
cracks of even narrower widths. HMWM resins have been
effective, when properly applied, in bonding and preventing
infiltration of- deicing solutions into both wide and hairline
cracks. Penetrating sealers do not fill or bond the cracks but
they make the sides of the narrow cracks water-repellent.

Final selection of a repair method and material should take
into account ease of application, durability, life-cycle cost,
available labor skills and equipment, and appearance of the
final product. Reports on repair of cracks, such as those by
ACI Committee 224 (56), contain relevant information that
should be reviewed.

Epoxy injection generally consists of drilling holes at rel-
atively close intervals along the cracks, sometimes installing
entry ports, and injecting the two-component epoxy under
pressure using specialized injection equipment. Pressure
injection of cracks is labor intensive and time consuming. It
is generally limited to decks containing a few large discrete
cracks. Epoxy is the most commonly used resin for pressure
injection applications, although other resins can be used.
Detailed information on epoxy injection is included in ACI
Committee 503R (57) and 224 (56) reports. Personnel expe-
rienced in epoxy injection should be used for this work.

Gravity feed techniques using HMWM resins were devel-
oped by Caltrans (58) for topical treatment of bridge decks
that contain many fine cracks. The low viscosity HMWM
resin (8 to 20 cps), readily flows into very fine cracks by
gravity. Epoxy resins are also available to repair cracks by

gravity feed. The epoxy resins typically do not penetrate fine
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cracks as deeply as the HMWM and they cure slower. How-
ever, epoxies may be the best selection for gravity feed of
cracks wider than about 0.25 mm (0.010 in.) Trial areas are
recommended.

The HMWM has a high solvent capacity that enables it to
bond through lightly contaminated surfaces. Curing com-
pounds and asphaltic materials should be removed before
treatment because the resin will solvate them and thicken,
causing poor final properties. The cracks must be dry,
because water will prevent penetration and dilute the resin,
also resulting in poor polymerization.

A metallic drier and peroxide catalyze the HMWM
monomer to initiate polymerization. The resin is then swept,
squeegeed, or sprayed on the cracked concrete at a rate of
approximately 0.4 L/sq m (1 gal/100 sq ft). The resin flows
into the cracks and polymerizes, filling and bonding them.
Dry blasting sand should be broadcast into the resin, before
the resin hardens, to improve skid resistance.

The performance of HMWM resins varies. The product
selection should be based on satisfactory use in similar appli-
cations. A trial application is recommended for large jobs.
Usually, the resin performs well when the concrete and air
temperatures are between 7°C (45°F) and 32°C (90°F). Spe-
cial formulations of HMWM resins are available for use dur-
ing cold or hot weather. Sealing cracks with HMWM has
achieved more than 11 years of satisfactory service in bridge
decks in California subjected to freezing and thawing and
deicers. The cracks remained filled, and maintenance was
reduced.

HMWM resins are brittle, and traffic abrades them. They
therefore do not function as a water-repellent. Because
HMWM resins are compatible with silane sealers, HMWM
resins can be used to fill and bond the cracks after silanes
have been applied to seal the deck surface.

Many materials have been used over the years as coatings
or sealers for concrete. Some have been effective and some
have not. The first systematic study of sealers was done in
1979, and reported in NCHRP Report No. 244 (59). This

study found five categories of sealers effective:

polyurethanes, methyl methacrylate, certain epoxy formula-
tions, relatively low molecular weight siloxane oligomers,
and silanes. Many polyurethanes currently sold have the lim-
itation that they are not dependable when exposed to the
ultraviolet (UV) rays of the sun. Epoxies, acrylics, and
methacrylates are very effective sealers; however, at the vis-
cosities normally used they do not penetrate into the cracked
or uncracked concrete, but leave a continuous film on the sur-
face and would be abraded off the deck by traffic. Also, they
are not largely vapor permeable.

The effective penetration of silane and siloxane sealers is
a result of their very small molecular size. These penetrating
sealers penetrate into cracks and then infiltrate and coat the
micropores and capillary structure of the concrete and crack
surface. Penetrating sealers can penetrate cracks as deep as
100 mm (4 in.) and subsequent lateral penetration into the

concrete within the cracked region of as much as 5 mm (¥
in.) or more, depending on the density and finish of the con-
crete, the orientation of the surface, and the moisture content
of the concrete.

Silanes and siloxanes are both derived from the silicone
family. When catalyzed by moisture, these silicon materials
react with the silica available in concrete to form a hydropho-
bic siloxane resin film that repels water without loss of vapor
transmission properties. Both penetrate the concrete to some
degree, the silanes being better in this aspect because of their
smaller molecular size. They are typically 20 or 40 percent
solutions in alcohol or petroleum distillates. Newer products
include 100 percent solids silanes and water-dispersed
silanes that can be used in areas requiring volatile organic
content (VOC) compliance.

The effectiveness of penetrating sealers in preventing
ingress of salt-laden water through cracks requires additional
research. The maximum crack width that can be effectively
sealed on a bridge deck subjected to high tire pressures is
unknown and requires further research.

Because these penetrating sealers do not block the move-
ment of air or water vapor, carbonation of the cracked con-
crete by ingress of carbon dioxide gas can still occur. In areas
exposed to both moisture and carbonation, a penetrating
silane material should be applied followed by a barrier coat-
ing such as an acrylic or epoxy coating or overlay.

Active cracks are unusual on bridge decks. However,
some engineers feel that flexible repair materials are required
because of crack movements related to thermal changes.
Flexible sealants generally consist of urethanes, polysulfides,
acrylics, silicones, or epoxies. Active or moving cracks must
be treated as if they were control joints. Active cracks that
must be made watertight cannot be easily repaired, because
they change in width in response to changes in temperature
or humidity. The difficulty is that, to provide the resilience
in the finished repair required to maintain a seal, it is not
enough to specify a material that has the proper elongation.
A proper shape factor must also be provided. ACI 504 (60)
contains an excellent discussion of shape factors. A material
having an “elongation at break” of 100 percent, when tested
according to ASTM D688 (55), cannot accommodate more
than 3 or 4 percent elongation in a crack or a joint without the
proper shape factor.

To provide a watertight seal in a crack, the crack must
be routed to a width of at least 10 mm (¥s in.) and bond
must be prevented to the bottom of reservoir. This can
normally be done easily with tape, or wax placed in the saw-
cut or routed channel. If the routed crack has a triangular
shape, it must be partially backfilled with a soft, easily friable
material, such as non-drying caulk, to achieve the required
stretching length. If all this is done, with due regard to main-
taining scrupulously clean concrete sides in the channel, the
repair can be considered long-term. However, if exposed to
sunlight, certain sealants may degrade in 4 to 8 years because
of UV light exposure, water, and traffic.
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CONCLUSIONS AND SUGGESTED RESEARCH

CONCLUSIONS

Deck cracking is not confined to one geographic location
and is of international concern. Of particular concern is the
presence of cracks in newly constructed decks of high qual-
ity, low water-cement ratio concretes that also were cured
with good moist curing procedures, such as observed in this
project at the redecking of the Portland-Columbia Bridge.
When environmental temperature and wind conditions make
jobsite moist curing difficult, worse cracking generally
occurs. Although plastic shrinkage cracks contribute to this
overall deck problem, these plastic shrinkage cracks can be
prevented by immediate use of water fogging and evapora-
tion retarder films. Transportation agencies do not seem to
recognize that the newer low water-cement ratio concretes
with HRWRA, silica fume, and latex emulsions experience
plastic shrinkage cracks, and that the accepted maximum
evaporation rate of 1.0 kg/m?hr (0.2 1b/ft>/hr), which was
indicated decades ago for normal concretes, may not be
applicable to these newer concretes. These observations sug-
gest that (1) bridge deck concrete specifications should
include a bleeding test and (2) the allowable evaporation rate
should be significantly lowered, as two transportation agen-
cies have implemented.

Transverse cracks in newly constructed bridge decks are
commonly observed above the reinforcing bars and are usu-
ally full-depth. The cracks are typically spaced between 1
and 3 m (3 and 10 ft) apart.

Cracks often shorten the service life and increase mainte-
nance costs of concrete structures. Transverse cracking can
promote spalling at crack intersections and accelerated cor-
rosion of embedded reinforcing steel or other superstructure
steel. Reduced durability of the concrete can also occur,
because of increased saturation of the concrete.

Although researchers have written many articles and
reports regarding the size of acceptable and unacceptable
cracks, there is no consensus. These opinions may not per-
tain to bridge decks because they are based on research stud-
ies on cracks that are perpendicular to the reinforcing bars,
and cracks in decks are commonly in-line with the transverse
steel. Typical acceptable crack widths for structures subject
to deicing range from near O to 0.2 mm (0.008 in.). Denmark,
Japan, and Switzerland typically specify a maximum crack
width of 0.2 mm (0.008 in.) on conventionally reinforced

decks. Only two U.S. transportation agencies specify crack
width limitations for new decks. One specifies 0.18 mm
(0.007 in.), and the other specifies less than 15.2 m (50 ft) of
cracks greater than 0.5 mm (0.020 in.) wide per 46.5 m? (500
sq ft) of deck. The shape and orientation of cracks with
respect to the reinforcing bars were found to influence the
extent of deterioration, with cracks in-line with the bars
being worst. This common orientation of the crack directly
over the transverse bar in a deck accelerates the steel corro-
sion. A conservative approach of bonding or sealing all vis-
ible cracks is suggested when attempting to achieve the most
durable structure in an aggressive environment, due to this
orientation problem. '

The effects of concrete materials, design, and construction
practices on concrete cracking are discussed. Concrete mate-
rial factors important in reducing early cracking include low
shrinkage, low modulus of elasticity, high creep, low heat of
hydration, and selection of aggregates and concrete that pro-
vide a low cracking tendency. Other material factors helpful
in reducing the risk of cracking include reducing the cement
content, increasing the water-cement ratio, using shrinkage-
compensating cement, and avoiding silica fume admixtures
and other materials that produce very high early compressive
strengths and modulus of elasticity values.

Because drying shrinkage of portland cement concrete is
inevitable and is usually between 500 to 1000 pe, the use of
other cementitious materials that have much less drying
shrinkage could be pursued. Further testing of low shrinkage
cementitious materials and admixtures should be performed.

The major design factors affecting cracking were related
to restraint, specifically bridge type and girder type and size.
Multispan continuous composite large steel-girder bridges
are most susceptible to cracking because of additional
restraint. Cast-in-place, post-tensioned bridges are the least
likely to have deck cracking since the girders and the deck
shrink together and the post-tensioning generally induces
compressive stresses in the deck. Other design factors that
may moderately contribute to early cracking include contin-
uous spans, alignment of top and bottom transverse bars, and
use of stay-in-place forms, which create shrinkage gradients
in the deck.

The most important construction-related factors affecting
transverse cracking involve weather and curing. Standard-
ized curing procedures are not used. Transportation agencies
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observe more cracking when concrete is placed during lower
humidities and higher evaporation rates. Wind breaks and
sun shades are suggested during periods of high evaporation,
and water fogging and evaporation retarder films are essen-

.tial immediately following screeding. Immediate water fog-

ging or application of evaporation retarding films should be
performed on all deck placements regardless of evaporation
rates or temperature. This is especially important when cast-
ing low water-cement ratio concrete mixtures. Standardized
curing procedures should result in better quality and consis-
tency, because finishers will know what procedures are
required. Early wet curing should be done to reduce the evap-
oration of mix water and to cool the concrete. Heated con-
crete placed in cold weather is also susceptible to significant
evaporation and surface moisture loss because of the con-
crete’s high evaporation rates and the long set-time with win-
ter conditions. Engineers and contractors should recognize
the potential for very high evaporation of the mix water dur-
ing cold weather castings and the required precautions.
Evening or night deck construction should be considered.

This project developed a cracking-tendency test procedure
to compare various concrete mixtures, curing, and environ-
mental factors. The test involves the use of a steel tubing sec-
tion to restrain a concrete ring cast around it. The steel pipe
was instrumented with strain gages to detect first cracking,
shown by an abrupt loss of compressive strain in the steel
tubing. The concrete rings were also visually examined for
cracking. The effects of many factors such as water-to-
cement ratio, cement content, aggregate size and type, super-
plasticizer addition, silica fume, set accelerators and
retarders, air entrainment, cyclic temperature, evaporation
rate, curing, and shrinkage-compensating cement concretes
were investigated. All mixtures under all the test conditions
developed some type of cracking. The mixes that performed
best in this test had essentially no slump and required exces-
sive compaction to consolidate. Rings cast with Type K
expansive cement cracked much later than the control con-
crete, with no clear cracks occurring. Aggregate type had the
most dramatic effects on cracking, with crushed limestone
concrete cracking latest and rounded river gravel concrete
cracking earliest. Transportation agencies can use this test to
evaluate local materials and to help select mixtures with the
least tendency for cracking. Agencies should (1) evaluate
local materials using the restrained ring test and (2) modify
their standard mixes on the basis of the recommendations
presented in this report to achieve acceptable concrete mix
designs that have the lowest cracking tendency.

An instrumentation and monitoring system was designed
and installed on the deck replacement of a steel-girder bridge
that received 8 days of proper wet curing. Starting when the
concrete was cast and continuing for several months after the
deck cracked, the system measured strains, temperatures, and
environmental factors, including rates of evaporation. Sig-
nificant uniformly spaced cracking of the deck occurred
between 26 to 49 days. However, review of the strains

recorded by the strain gages on the embedded reinforcement
suggest that cracking may have already occurred at lower
depths but had not yet propagated to the upper surface or was
not visible. Transportation agencies can instrument bridges
to evaluate stresses.

This project derived systems of equations for the calcula-
tion of resultant tensile stresses in a composite reinforced
concrete deck subjected to uniform and linear temperature
changes and shrinkage. The equations accommodate multi-
ple levels of embedded reinforcement, to include the effects
of longitudinal bars and a stay-in-place metal deck. Data
from the derived equations were compared with the actual
measured strain behavior of the Portland-Columbia Bridge
deck that showed visible deck cracking 26 to 49 days after
casting. This comparison of elastic theory to actual measured
strain and temperature behavior for this heavily instrumented
bridge showed that during re-decking uniform strains and
temperatures across the width or length of the bridge do not
occur during the early life of the new deck. While a wide
range of strains and temperatures were measured on the steel
girders and within the reinforced concrete deck, the average
strains correlated well with the calculated elastic strains. The
elastic equations estimated with reasonable accuracy the
thermal and shrinkage strains of the Portland-Columbia
Bridge when standard concrete properties and shrinkage
rates were applied. Therefore, the elastic equations can esti-
mate stresses that develop in bridges from shrinkage and
temperature changes. These same equations that were used

" to estimate the degree-of-restraint for different bridge

geometries and concrete materials could be used by design-
ers to evaluate different bridge designs and to reduce the
deck restraint and related deck cracking. Further refinement
of the equations and input of the real ever-changing concrete
properties can result in accurate prediction of cracking in
decks.

The parameter study - for this project examined the
stresses—in more than 18,000 bridge scenarios—caused by
uniform and nonuniform shrinkage and temperatures in
bridges, and determined how bridge geometry and material
properties affect these stresses. Many conclusions have been
reached.

Longitudinal tensile stresses in the concrete deck cause
transverse deck cracking. The stresses that cause transverse
deck cracking are largely caused by concrete shrinkage and
changing bridge temperatures and, to a lesser extent, traffic.
The parameter study examined the range of stresses caused
by shrinkage and nonuniform temperatures in bridges, and
determined how bridge geometry and material properties
affect these stresses.

Deck shrinkage stresses are generally higher in a steel-
girder bridge than in a concrete-girder bridge. Shrinkage
stresses are typically lowest in a monolithic cast-in-place
bridge, where both the deck and girders shrink similarly. A
bridge deck supported by precast, prestressed girders may
develop more or fewer shrinkage stresses than the monolithic



concrete bridge, depending on the remaining shrinkage of the
precast girders when the concrete deck is cast and the
remaining creep of the precast, prestressed girder.

When the concrete deck shrinks relative to its girders in a
simply supported span, 500 pe uniform shrinkage of the con-
crete deck may cause tensile stresses as large as 9.65 MPa
(1400 psi) in the steel-girder bridge and 12.4 MPa (1800 psi)
in the concrete bridge, depending on geometry and material
properties; maximum stresses from a linear shrinkage profile
through the deck, such as with a steel SIP form, are slightly
larger. These stresses can cause transverse cracking in bridge
decks.

Additional shrinkage stresses develop over the interior
supports of continuous-span bridges. These additional
stresses are generally small in most bridges with steel gird-
ers. When concrete girders are used, these additional stresses
are generally small when the bridge shrinks uniformly with
depth. However, when differential shrinkage occurs between
the concrete girders and the deck, total stresses over the inte-
rior support may reach nearly 13.8 MPa (2000 psi) for dif-
ferential shrinkage of 500 pe, sometimes much larger than
the stresses away from the supports.

Thermal stresses created from early hydration tempera-
tures are largest in steel-girder bridges and in concrete
bridges when the decks are cast separately from the girders.
For most bridges, diurnal temperature changes produce
larger thermal stresses than seasonal temperature changes.
The parameter study analyses revealed that a linear temper-
ature gradient in the deck, not a uniform temperature gradi-
ent, typically produces the largest deck stresses and greatest
risk of transverse cracking. All of these stresses are sufficient
to cause transverse deck cracking, especially over interior
supports of a continuous-span structure. Seasonal tempera-
ture changes are small or negligible in concrete bridges
because both deck and girders typically have similar thermal
expansion rates.

Many factors affect shrinkage and thermal stresses. The
primary factors include the concrete material itself, the
geometry of the bridge, construction techniques, and the
bridge environment. Shrinkage stresses are generally linearly
proportional to the shrinkage of the concrete. Geometry
affects shrinkage stresses less than material properties. Gen-

erally, larger deck stresses develop with (1) larger girders at

a narrower spacing and (2) thinner decks.

SUGGESTED RESEARCH

The project took a wide approach and investigated many
variables affecting cracking of concrete. Although this work
provided a great deal of insight, the results indicate that many
areas require further study.

This comprehensive study shows conventionally rein-
forced concrete bridge decks that are composite with girders
are likely to develop cracks during their early life, and may
continue to crack during their long-term life. This cracking
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is dominated by the low tensile strain capacity of concrete.
Several obvious approaches to reduce or eliminate cracking
include the use of noncomposite bridge decks that reduce the
degree of restraint mandated by composite bridge deck sys-
tems, and the use of prestressing to induce compressive
stresses in bridge decks, either cast-in-place or precast.

Although noncomposite bridge decks are not commonly
used because of economic considerations, their use will
reduce deck cracking. The concept of prestressing a com-
posite cast-in-place deck is complicated by the same restraint
issue that creates the tensile stresses in decks and the subse-
quent cracks; that is, it is difficult to induce prestressing com-
pressive stresses in the deck, because it is restrained from
shortening in a composite deck girder bridge system. This
shortcoming can be overcome by allowing the deck system
to shorten during post-tensioning or pretensioning and then
making the deck composite after the prestressing operation.
This approach should also be pursued.

The bridge type that minimized the restraint issue while
also utilizing prestressing advantages is the cast-in-place,
post-tensioned concrete structure where slab, beams, and
soffit are cast at the same time with subsequent post-
tensioning. Whereas this bridge concept has generally been
used for large bridge projects, its use should be explored with
smaller bridges.

Because typical precast concrete-girder bridges have
decks cast at a later time or steel girders that do not shrink in
harmony with the deck, some degree of cracking is probably
inevitable. For these decks with the cracks directly over the
transverse bars, the use of highly corrosion-resistant bars can
provide superior long-term performance and reduced main-
tenance. However, performance will be further enhanced if
the cracks are repaired.

Since cracking is such a major problem with the most
common bridge systems, standard repair procedures should
be developed and incorporated into the contract specifica-
tions. Because most cracks appear before 6 to 12 months of
age, the contract could include provisions for crack repair
during the first year after construction, preferably prior to
service and prior to significant contamination of the crack
interior surfaces from environmental and deicer effects.
Research should be undertaken to develop repair materials
and procedures that will function under the difficult jobsite
conditions, including penetrating sealer and crack filling
materials.

A promising approach to reduce cracking was the use of
expansive shrinkage-compensating concretes. However, the
ring test used may not have accurately represented the
restraint to initial expansion that exists in field structures.
Studies should be done to develop a modified dual ring test
that more accurately reflects the restraint against early expan-
sion that exists in bridge decks.

Another promising approach to reducing cracking appears
to lie in the type, size, shape, and surface characteristics of
the coarse aggregates. Research is also needed on the use of
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low-shrinkage cements and other cementitious materials that
have very low shrinkage. The use of polymer modifiers in
low dosages may also yield durable low modulus concretes
that have a low cracking tendency. '

Further investigation of the effect of cement chemistry and
fineness on early deck cracking is needed. Cements with var-
ious finenesses should be tested in the ring test and evaluated
on field projects.

A comprehensive database of future restrained ring
tests should be developed, including testing field mixes
from different regions of the country, reflecting the aggre-
gates and cements found in different regions. Correlation
between the ring test results in the laboratory and ring tests
and deck performance from jobsites on a variety of
structure types is needed. Additional data will also offer
insight on the effect of different admixture brands and
dosages on crabking, because the work performed in this
study only used one manufacturer of each admixture type
and limited admixture dosage rates. Also, as the effects of
the admixtures were tested on a limited range of concrete
mixtures, further work should include different concrete
proportions. : »

Direct comparisons of decks or deck sections built with
normal-strength concrete and low early strength concrete

should be done. Replacing cement with certain fly ashes or
pozzolans may reduce early strength and modulus of elastic-
ity, while increasing creep and improving deck performance.
Early low modulus of elasticity values are desired. The ulti-
mate design strength for this concrete should not be achieved
until later ages such as 56 to 90 days.

Morning, afternoon, and evening placements should be
evaluated. A series of simply supported spans with steel gird-
ers should be cast at various times of day and monitored for
cracking, although evening castings are presently thought to
be the most desirable. ’

The techniques used to monitor the Portland-Columbia
Bridge deck replacement should be used on additional
bridges to evaluate response and further refine analysis tech-
niques. Comparing stresses of several bridge types will pro-
vide additional understanding of the complex interactions
that occur in newly constructed bridge decks.

Transportation agencies can use the equations developed
in this project to evaluate tensile stresses in decks for various
bridge geometries and concrete properties. Further develop-
ment of these equations should result in a reliable predictor
of early bridge deck cracking. Agencies can then design
structures and match concrete properties to eliminate or min-
imize deck cracking.
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UNPUBLISHED MATERIAL

Appendixes A through H contained in the research agency’s
final report are not published herein. For a limited time, copies
of that report entitled, “Transverse Cracking in Newly Con-
structed Bridge Decks—Appendices A-H,” will be available
on a loan basis or for purchase ($22.00) on request to NCHRP,
Transportation Research Board, Box 289, Washington, D.C.,
20055. The available appendixes are titled as follows:

Appendix A: Literature Review
Appendix B: Transportation Agency Surveys
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Appendix D:

Appendix E:
Appendix F:
Appendix G:

Appendix H:
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CHAPTER 1
INTRODUCTION

GENERAL

Many concrete bridge decks in the United States develop transverse cracks soon after
construction. These cracks are full-depth and spaced 1 to 3 m (3 to 10 ft) apart along the
length of the bridge. Transverse cracks may shorten the service life of a bridge and increase
maintenance costs.

WORK DONE

This project surveyed transportation agencies to learn how extensive transverse deck
cracking is, how bridges are designed, and what construction methods are used to build
bridge decks. Then, this project investigated the causes of early transverse cracking, and
developed a test to evaluate and predict cracking tendency of concrete mixes. A detailed
literature review was performed to learn how past research by others related to this project.
Elastic equations were developed to calculate shrinkage and thermal stresses in a compos-
ite bridge with a reinforced deck. These equations were then used to analyze approximately
18,000 geometry and material combinations to determine combinations likely to produce
high deck stresses and transverse cracking. Recommendations are presented to reduce trans-
verse deck cracking. These Guidelines summarize the project findings, and the project final
report provides more detailed information.

A survey was sent to all U.S. departments of transportation (DOTs) and several trans-
portation agencies overseas to learn the extent of early transverse deck cracking. Fifty-two
agencies from the United States and Canada responded to the survey. The respondents esti-
mate that more than 100,000 bridges in the United States developed early transverse crack-
ing, about half the bridges monitored by the respondents. Sixty-two percent of the agencies
consider early transverse cracking a problem, 24 percent do not consider this a problem,
and 14 percent have no opinion. Many states that do not consider transverse cracking a
problem nonetheless reported extensive cracking. Fifteen percent believed that all of their
decks have transverse cracks. :

This project used three different methods to study the problem of transverse cracking:
theoretical and analytical analysis, field instrumentation, and laboratory study. The analyt-
ical studies used conventional and finite element analyses to evaluate the causes of trans-
verse cracking. The factors studied included concrete material properties, bridge geometry,
and weather. Finite element analyses studied the combined effects of these factors on
stresses that cause cracking in bridge decks.

The Portland-Columbia Bridge, located between Pennsylvania and New Jersey on Route
512, was instrumented and monitored during its deck replacement in 1992. The monitoring
started a few hours before the concrete was placed and continued for several months after
the deck cracked. These collected data provide important insight into the detailed thermal
and shrinkage behavior of a steel-girder bridge during construction. This information was
later used to compare measured behavior to theoretical behavior. The instrumentation tech-
niques discussed in the final report may be helpful to agencies interested in instrumenting
a deck installation.
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This project determined that, for most bridges, concrete properties affect cracking more
than any other factor. As such, a test procedure was developed to measure the cracking
tendency of different concretes. In brief, the test involves casting a concrete ring against a
steel inner ring that restrains the shrinking concrete and usually causes cracking. Strains are
measured in the steel ring to monitor strains in the concrete and estimate stresses. The steel
ring restrains the concrete ring similar to the way composite bridge girders restrain a con-
crete deck. This test combines the complex interaction of the varied and changing concrete
properties that affect cracking, including shrinkage, modulus of elasticity, tensile strength,
and creep. Concretes of various aggregate types, mix proportions, admixtures, curing, and
environmental conditions were tested. AASHTO should adopt this test procedure, so that
transportation agencies can test and develop concrete mixes that resist transverse cracking.
This test can be used to prequalify concrete mixes or can be incorporated into contract spec-
ifications.

These Guidelines discuss the major findings of the research, and identify and rank the
factors and combinations of factors that cause transverse cracking in new bridge decks.
These factors are categorized by design, materials, and construction. The intent of these
Guidelines is to help agencies reduce or eliminate transverse cracking. Specific actions to
reduce deck cracking are presented. Careful consideration of the impact of the recommen-
dations may be needed to avoid adversely impacting other design or durability concerns.

AASHTO SPECIFICATIONS

Many engineers perceived that transverse bridge deck cracking increased in the mid-
1970s, when AASHTO made major changes to its concrete specifications (1), AASHTO
periodically changed its specifications to produce stronger and less permeable concrete. In
1974, the AASHTO specifications increased the minimum compressive strength, specified
a low water-cement ratio, and increased the minimum cement content.

Modern cements have also worsened deck cracking because of their increased fineness,
higher sulfate and alkali content, and higher heat of hydration. The finer modern cements
reach high early strengths and typically have 1-day compressive strengths near 45 percent
of the 28-day strengths. Cement manufactured in the mid-1940s had 1-day compressive
strengths of only 11 percent of the 28-day strengths. The high early strength and modulus
combined with higher heat of hydration result in increased locked-in stresses during very
early deck ages.
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CHAPTER 2
CRACKING AND DURABILITY

CRACK FORMATION

Concrete cracking, after its final set, is classified into two categories: microcracking and
macrocracking. Microcracking precedes macrocracking.

Microcracks

All concretes develop microcracks that are visible only with magnification and typically
are narrower than 0.025 mm (0.001 in.). Microcracks are randomly oriented and located at
the mortar and coarse aggregate interface. These interfacial bond cracks begin when the
concrete is hydrating and shrinking, before external loads are applied. Stresses develop at
the paste-aggregate interface from the volume change of the cement paste and the restraint
provided by the aggregate. Microcracks are discontinuous and very narrow, and do not -
affect serviceability of a bridge deck.

Macrocracks

Fractures visible with little or no magnification are macrocracks. Large macrocracks in
a bridge deck should to be filled to prevent the penetration of water or aggressive solutions
into the concrete and to re-establish structural integrity when necessary. Macrocracks ini-
tiate in the weakest section of the member, usually at random planes. When concrete adja-
cent to reinforcement cracks, some slip between the concrete and steel occurs from the stiff-
ness and strength incompatibility of the concrete and steel and the associated bond. In
beams with mature concrete, reinforcement stresses during this phase are often greater than
96 MPa (14,000 psi) (2).

Concrete is in its final stage of cracking when additional cracks do not form, but cracks
widen instead. At this stage, slippage of the reinforcement continues, and reinforcement
stresses in mature concrete often exceed 200 MPa (30,000 psi) (2). Crack widths are usu-
ally narrower at the reinforcement and wider at the outer surface.

When reinforced concrete cracks, slippage occurs between the reinforcement and the
concrete. The tensile stress carried by the concrete before fracture is then transferred to the
reinforcement within the cracked region. The concrete stresses on both faces of the frac-
ture dissipate, and decreasing slippage between the concrete and reinforcement extends
into the uncracked section on each side of the fracture. The tensile force in the reinforce-
ment is gradually transferred to the concrete within this bond-slip distance, and at the end
of the bond-slip, the tensile stresses have been fully transferred to the concrete. Strain com-
patibility between the concrete and reinforcement does not exist within the bond-slip dis-
tance.

Within the bond-slip length, the concrete tensile stresses are typically less than the ten-
sile strength of the concrete. As a result, no additional cracking occurs within the bond-slip
distance. This bond-slip distance determines the minimum crack spacing that can develop.

CRACK CHARACTERISTICS

Many researchers have studied the effects of crack length and width on concrete perfor-
mance, without reaching a consensus. Transverse deck cracking can cause accelerated cor-
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rosion of reinforcing steel, deterioration and leaching of concrete, accelerated damage to
structural members and components beneath the deck, and appearance concerns. The orien-
tation and shape of the crack with respect to the reinforcing affect deterioration. Once crack-
ing occurs in concrete bridge decks, deterioration may accelerate. Corroding reinforcing steel
may spall concrete. Traffic stresses and vibration on continuous-span structures can worsen
cracking. Resulting deck repairs can be very costly and disruptive to traffic.

Full-depth deck cracking is generally the most severe form of deck cracking, because
full-depth deck cracks are often wide and allow water and deicing chemicals to infiltrate the
concrete rapidly. A wide surface crack that quickly narrows with depth may not be as detri-
mental as a narrower surface crack that has parallel sides. The crack width at reinforcement
is affected by cover, reinforcement stress, concrete creep, reinforcement ratio, bar diameter
and arrangement, and the profile of deck stresses.

Crack and reinforcement alignment affect reinforcement corrosion. When the crack is
aligned directly over the reinforcement, corrosion can continue over the length of the bar
at an increased rate. On the other hand, when a crack is perpendicular to a reinforcing bar,
the crack exposes only a small section of the bar and corrosion will be slower. Most trans-
verse deck cracks align with the transverse reinforcing and increase the potential for cor-
rosion along the length of this steel.

ACCEPTABLE CRACK WIDTHS

Researchers disagree about how wide a crack in a bridge deck can be without signifi-
cantly affecting performance. Large crack widths may be aesthetically unacceptable. Light-
ing conditions, viewing distance, and crack length and width affect the perceived appear-
ance of a crack and its width. Some agencies (3) have limited acceptable crack widths to
0.3 mm (0.010 in.) or less for aesthetic reasons, but this value is subjective.

Denmark, Japan, and Switzerland typically limit crack widths on conventionally rein-
forced decks to 0.2 mm (0.008 in.). Only two DOTs limit crack widths; one limits crack
widths to 0.18 mm (0.007 in.), and the other requires less than 15.2 m (50 ft) of cracks
greater than 0.5 mm (0.020 in.) wide per 46.5 m* (500 sq ft) of deck.

Cracks allow the ingress of chlorides and moisture. ACI Committee 224 (4) suggests.that
a surface crack width of 0.18 mm (0.007 in.) is tolerable for structures subjected to deicing
chemicals and 0.15 mm (0.006 in.) is tolerable for structures subjected to sea water and wet-
ting and drying. However, many others have recommended narrower crack widths. Crack
widths of 0.2 mm (0.008 in.) in concrete exposed to 10 years of sea coast exposure (5)
caused the concrete to absorb large amounts of chlorides, which resulted in severe corro-
sion of the steel reinforcement. The authors investigated many cracked decks and found
water leakage through cracks as narrow as 0.05 mm (0.002 in.), with accelerated corrosion
of embedded reinforcing steel and supporting girders at the crack.

Cracks may also reduce the durability of epoxy-coated reinforcement (6). While the cor-
rosion resistance of reinforcing steel is greatly enhanced by the epoxy coating, corrosion
can occur where breaks or other defects in the coating are present (7,8).

When decks are in an aggressive environment and are subjected to deicers or sea spray,
all visible cracks should be filled or sealed to maintain durability. This repair will delay
chloride penetration to the steel and reduce the corrosion at cracks. Usual methods for crack
repair include epoxy injection, high molecular weight methacrylate (HMWM) topical treat-
ment, silane and siloxane sealers, and routing and sealing. Chapter 11 of this document
describes these repair methods.

CARBONATION

Many perceive cracking mainly to affect structures subjected to deicing chemical or
sea water exposure. However, carbonation of concrete at cracks may also increase cor-
rosion of the embedded steel, either with the aid of chloride or without. Concrete car-
bonates when atmospheric carbon dioxide (CO,) in the crack reacts with its moisture and
hydration products. This decreases the pH of the pore liquid from approximately 13 to
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less than 9. With carbonation, the alkalinity of the concrete is no longer present to pro-
tect the steel against corrosion, and the corrosion system can become active. Cracks allow
direct ingress of CO, into the structure, which can accelerate corrosion. Carbonation
alone does not cause rapid corrosion, but this corrosion eventually can cause the same
damage that chloride-instigated electrochemical corrosion does. Carbonation of deck
concrete can also contribute to cracking because it causes irreversible shrinkage, which
can be as large as drying shrinkage.
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CRACKING-TENDENCY TEST

INTRODUCTION

It is important to realize that cracking and shrinkage are not synonymous. Researchers
(10,11,12,13,14) have used many different tests to investigate concrete shrinkage and
cracking. These tests have included restrained linear prisms and thick restrained concrete
rings. The restrained ring test has successfully predicted when concrete is susceptible to
cracking; it was selected for this project, with some modification. -

The major advantage of the restrained ring test is that it accounts for all of the material
factors that influence shrinkage cracking from the time of casting. It does not require com-
plex calculations or assumptions of early concrete behavior. It simultaneously considers
stress development, dimensional changes, and creep at early ages. Usually, cracks are read-
ily visible with the naked eye. The test is simple to execute, and the apparatus is inexpen-
sive. Most important, stresses developed in the restrained test samples closely simulate
those developed by real structural systems.

Finite element analyses examined theoretical shrinkage stresses in the steel inner-ring
and the restrained concrete outer-ring, for various steel and concrete radii and longitudinal
thicknesses and for various concrete properties. These analyses revealed that for steel-ring
radial thicknesses between 13 and 25 mm (2 and 1 in.), concrete shrinkage stresses and
cracking-tendency are not significantly different, but stresses in the steel can substantially
increase as the steel thickness decreases. The analyses also showed that larger concrete
stresses develop with larger diameters, especially with elastically stiffer concretes. Stresses
in the concrete decrease as the thickness of the concrete ring increases. Therefore, the high-
est concrete stresses occur with restrained rings having a large diameter and thin concrete
cover.

This project tested concretes under standard environmental conditions to determine the
concrete mix design factors that influence cracking. This project examined cracking effects
of cement content, water-cement ratio, cement type, silica fume addition, fly ash addition,
aggregate type, superplasticizers, certain chemical admixtures, and entrained air. The ef-
fects of curing period, temperature, evaporation rate, casting time, and insulation were also
investigated on specimens using selected concrete mixtures with high- and low-cracking
tendencies.

GENERAL DESCRIPTION OF CRACKING-TENDENCY TEST PROCEDURE

In the test, a concrete ring is cast around a steel ring instrumented with strain gages. The
proposed test procedure is described in the section following these Guidelines. The strain
accumulation and the length of time before cracking occurs indicate the cracking tendency
of the concrete. Concretes that create less strain on the steel ring and take longer to crack
have a lower cracking tendency. )

Steel rings with an outside diameter of 305 mm (12 in.), a radial thickness of 19 mm (¥4
in.), and a height of 152 mm (6 in.) were used in the test. These rings were custom-machined
for this project and are more expensive than off-the-shelf pipe sections. To reduce the cost
of steel rings for widespread field or laboratory use, structural steel pipe conforming to
ASTM AS501 or A53 (I5) may be substituted without significantly affecting concrete
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stresses and cracking. The dimensions of a *“12-in. (305-mm) extra strong pipe” are similar
to the steel rings used in this project; this substitute has an outside diameter of 324 mm
(12%.in.), and a wall thickness of 13 mm (/2 in.).

As discussed, the diameter of the steel ring affects the concrete shrinkage restraint, with
larger diameter rings providing larger restraint. The 305-mm (12-in.) diameter of the steel
rings used for this project approximates the worst-case shrinkage restraint on a deck, such
as that typically provided by large steel girders. The test rings cast with the same concrete
used to cast the bridge deck of the Portland-Columbia Bridge cracked at about the same
time as the bridge deck did, indicating that the ring test and ring diameter approximated the
restraint provided by the large steel-plate girders. Because one concrete mix may be used
on many bridge types, the 305-mm (12-in.) ring is generally recommended to test concrete
mixes. Future research should further validate the correlation of ring test results with bridge
deck performance.

Except where noted, the casting, curing, and testing regime followed for the rings were
as follows. Two concrete rings, five 100 X 200 mm (4 X 8 in.) cylinders, and two 75 X 75
X 280 mm (3 X 3 X 11 in.) free-shrinkage specimens were cast for each batch. The con-
crete was batched and cast at room temperature, using ingredients stored at room tempera-
ture. The air content, slump, and unit weight were measured immediately before casting.

The strength and free-shrinkage specimens were cast according to AASHTO T126 and
T160 (16), respectively. The concrete rings were cast in three lifts, with rodding and spad-
ing of the sides to ensure proper compaction. The rings were moved to their final testing
location and connected to strain-gage monitoring equipment immediately after casting.
Once bleed water no longer appeared on the concrete surfaces, the central hold-down of
the steel ring was loosened and the concrete was covered with water-saturated burlap. All
specimens were removed from their forms approximately 24 hrs after casting. The free-
shrinkage specimens were immediately placed in a 22°C (72°F), 50 percent relative-
humidity room and measured. The evaporation rate in the controlled environment was
approximately 0.15 kg/m*/hr (0.03 Ib/ft¥/hr). The cylinders were cured in lime-saturated
water. The ring forms were removed and the bottom of the concrete rings was loosened
from the lower form by applying gentle side pressure to the ring while lightly tapping the
lower form with a rubber mallet, if necessary. The bottom form remained in place and
the top surface of the concrete ring was then covered in a double-layer of polyethylene or
rubber to prevent moisture loss and drying from the top and bottom of the ring.

The cylinder compressive strengths were measured at 7 and 28 days. The strains in the
steel rings were measured hourly using computer-controlled data acquisition equipment.
The ring strains were periodically analyzed, and the rings were carefully examined when
the strains significantly changed. Typical initial crack widths were 0.05 mm (0.002 in.) or
wider. After aring cracked, the initial crack width was measured, using a visual crack com-
parator, and the ring was monitored for at least one additional week. After this week, the
crack width was measured, the cracking was photographed, and the concrete was removed
so that the steel inner-ring could be reused. '

OVERVIEW OF CRACKING-TENDENCY TEST RESULTS

This project investigated the cracking tendency of 39 concrete mixes. Test results are
summarized in Table 1. Except where noted, all of the mixtures had the same granitic gravel
and natural river sand from Eau Claire, Wisconsin, and cement from the same supplier. All
mixes had the same mortar (cement + sand + water) volume throughout the testing. The
following is a brief summary of the testing; additional details are presented in the project
final report.

Water-Cement Ratio and Cement Content

The first group of tests investigated the effect of water-cement ratio and cement content
on cracking. The test results of the 11 mixes are shown in Tables 2 and 3. The mixes that
performed best had low cement and water contents and essentially no slump. They required



TABLE 1 Cracking-tendency test results sorted by average strain at cracking divided by average age at cracking

Cement Cement Average | Steel strain at | Avg. strain over | Crack width |Crack width day
Mix No. Description content, content, wlc cracking cracking, avg. time, day §, 5,
kg/m® (Ib/yd3) age, days average ue/day mm (in.)
17 |Limestone 390 658 0.44 100.0%* 72.5 0.73 0.03 0.001
23 |TypeK 390 658 0.44 100.0* 75.0 0.75 0.03 0.001
28 }60-day cure, high tendency 501 846 0.35 81.0 62.5 0.77 0.10 0.004
31 [60-day, low tendency 278 470 0.50 84.1 65.0 0.77 0.00 0.000
8 278 470 0.35 53.0 80.0 1.51 0.08 0.003
20 |Lightweight 390 658 0.44 23.0 40.0 1.74 0.05 0.002
27 |Expansive additive 390 658 0.44 36.5 67.5 1.85 0.23 0.009
21 |Trap rock 390 658 0.44 12.3 61.0 1.89 0.10 0.004
4 278 470 0.30 405 91.0 2.25 0.05 0.002
25 |28 percent fly ash 390 658 0.44 24.5 57.5 235 0.08 0.003
29 [No cure, low tendency 278 470 0.50 2.3 55.0 2.47 0.08 0.003
3 |Low tendency control 278 470 0.50 25.0 62.5 2.50 0.05 0.002
32 |Insulated curing, low tendency 278 470 0.50 258 66.5 2.58 0.05 0.002
12 |No air 390 658 0.44 213 57.0 2.68 0.08 0.003
19 {Accelerator 390 658 0.44 17.5 50.0 2.86 0.13 0.005
7 390 658 0.50 18.5 54.0 2.93 0.25 0.010
9 278 470 0.44 19.8 58.5 2.95 0.05 0.002
22 |13-mm (*4-in.) Eau Claire 390 658 0.44 20.7 61.5 2.97 0.18 0.007
5 390 658 0.44 20.2 62.0 3.07 0.18 0.007
11 501 846 0.44 20.1 62.5 3.12 0.18 0.007
13 |HRWRA 278 470 0.35 255 82.5 3.24 0.05 0.002
18 |Retarder 390 658 0.44 18.5 60.0 3.24 0.05 0.002
14 |HRWRA 390 658 0.35 ) 79.5 3.59 0.10 0.004
34 |High evaporation rate, low tendency 278 470 0.50 16.1 62.5 3.88 0.05 0.002
6 390 658 0.35 17.6 72.5 4.12 0.13 0.005
16 |Silica fume w/HRWRA 390 658 0.35 16.3 67.5 4.14 0.08 0.003
1 390 658 0.40 17.0 71.0 4.18 0.10 0.004
15 |Silica fume w/o HRWRA 390 658 0.35 12.5 67.5 5.42 0.08 0.003
33 |Insulated curing, high tendency 501 846 0.35 13.2 775 5.88 0.13 0.005
10 {High tendency control 501 846 0.35 11.7 75.0 6.41 0.18 0.007
26 {No cure, high tendency 501 846 0.35 9.6 63.5 6.64 0.08 0.003
30 |6-hr delay in curing, high tendency 501 846 0.35 11.5 80.0 6.97 0.18 0.007
2 501 846 0.30 10.5 78.0 7.43 0.18 - 0.007
35 |High evaporation rate, high tendency 501 846 0.35 6.8 69.0 10.15
* Assumed value, no cracking
{

€L
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TABLE 2 Results of mixture proportion tests

Water- Ring 1 Ring 2 2:1225-6 Free shrin'kagc 200-‘.13)’ free

Mix Cement factor cement crack age | crack age cracking at cracking shrinkage
No. |kg/m® (b/yd®) ratio (days) (days) (days) (ue) )

1 390 (658) 0.40 15 19 17 363 681

2 | 501 (846) 0.30 28 13 10.5 350 688

3 278 (470) 0.50 27 23 25 321 559

4 |278 (470) 0.30 37.7 43.2 40.5 400 522

5 390 (658) 0.44 21.6 18.8 20.2 395 723

6 |39 (658) 0.35 18.8 16.4 17.6 355 725

7 |39% (658) 0.50 17.1 19.8 18.5 400 820

8 278 (470) 0.35 45 61 53 447 595

9 |278 (470) 0.44 18.4 21.2 19.8 347 630

10 | 501 (846) 0.35 12.7 10.7 11.7 432 885

11 | 501 (846) 0.44 10 21.7 20.1 521 988

excessive compactive effort to consolidate and are not practical mixes for field placement.
Both mixes contained very low paste volumes, because both the cement and the water con-
- tents were low. For the remaining mixes, the cracking tendency usually decreased as the
cement content decreased and the water-cement ratio increased.

All concrete with a cement content of 390 kg/m® (658 1b/yd®) cracked at essentially the
same age (between 17 and 20 days), yet slump ranged from 37 to 254 mm (172 to 10 in.) and
water contents ranged from 137 to 195 kg/m? (230 to 320 lbs/yd®). These data suggest that
cracking was not dramatically affected by water content or water-cement ratio from 0.35 to
0.50 for these moderately high cement-content mixes. All three AASHTO-quality 0.44
water-cement ratio mixtures with three cement contents from 280 to 500 kg/m® (470 to 846
1b/yd?®) cracked at an age of 20 days. However, the data for the 0.30, 0.35, and 0.50 water-
cement ratio mixtures show that increasing the cement content causes quicker cracking.

Sometimes but not always, concretes with a higher total paste content had higher cracking
tendencies. Free-shrinkage was directly proportional to the paste content. The relationship
between paste content and free-shrinkage was more apparent than that between paste
content or free shrinkage and cracking tendency. This reflects the difficulty in predicting
cracking because of the complex interaction of shrinkage, strength and moduli develop-
ment, and early creep.

Aggregate Type

Aggregate type significantly affected when the concrete rings cracked. This project
investigated four aggregate types. The aggregate types and sizes by ASTM C33, Standard

TABLE 3 Average time-to-cracking (days)

Water-cement ratio

Cement factor

278 470) 40.5 53.0 — 19.8 25.0
390 (658) — 17.6 17.0 20.2 18.5

501 (846) 10.5 11.7 — 20.1 —
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Specification for Concrete Aggregates, were No. 8 lightweight expanded shale, No. 56
crushed limestone, No. 8 trap rock, and No. 7 Eau Clair river gravel.

The most notable behavior was observed in the concrete using the No. 56 crushed lime-
stone, which had a moderately high modulus of elasticity. The rings cast with this material
did not exhibit a single distinct crack, but showed minor surface cracking. The surface
cracking was only 25 mm (1 in.) deep and did not progress to the central steel ring. The
limestone rings did not exhibit an abrupt decrease in compressive strain but showed a slow
gradual loss of strain. The tests were discontinued after approximately 280 days when the
ring strains became nearly constant. ‘

The lightweight aggregate samples also exhibited notable behavior. In contrast to the lime-
stone rings, the lightweight concrete rings developed large external cracks with no loss in
steel ring strain. Instead, only a change in the slope of the strain-time curve was noted. This
may have been due to the extremely low modulus of elasticity of the lightweight concrete
that reduced stresses. When the cracking formed, the low stored energy was only partially
dissipated in cracking and absorbed through aggregate interlock across the crack and by the
friction developed between the concrete and steel because of the specimen geometry.

The specimens with trap rock aggregate had elastic moduli similar to the control con-
crete, but they cracked much later. The aggregate size did not appear to be a factor within
the small range tested. Besides composition, the only other major difference between the
aggregates was the aggregate shape; the limestone, lightweight, and trap rock aggregates
were angular and the Fau Clair aggregate was well-rounded.

Shrinkage-Compensating Cement

Tests were also done to investigate the effect of shrinkage-compensating materials. Two
mixes were produced, one with Type K expansive cement and one with a commercially
available expansive additive. The concrete with Type K cement did not develop distinct
cracks. The concrete with the expansive additive cracked much later than the control con-
crete. The tests indicate an improved performance using expansive cements, although field
performance has been mixed. The ring test did not restrain the concrete from early expan-
sion and may not accurately reflect the performance of a bridge deck, suggesting the need
for further testing.

Fly Ash

A mix with 28 percent of the portland cement replaced with a Type F fly ash was tested.
The mix had the samé cement and water-cementitious ratio as the control concrete. The
specimens with fly ash cracked only slightly later (4.3 days) than the control specimens.

Chemical Admixtures

Chemical admixtures, including high-range water reducing admixtures (HRWRAsS), set
accelerators and retarders, and air-entraining admixtures were investigated. Air entrainment
did not significantly affect the time-to-cracking. Except for the no-slump concrete, the
HRWRAS delayed cracking 3.8 days when used with silica fume and 4.6 days when used
without silica fume. On average, the concretes with accelerators or retarders cracked about
2 days earlier than the control specimens, but individual cracking times varied considerably.

Silica Fume

The effect of silica fume was investigated using two mixes, one with a HRWRA and one
without. The mixes containing silica fume cracked 5 to 6 days earlier than the companion
mixes without silica fume. The free shrinkage of the silica fume concrete was similar to the
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control concrete. This again shows the complex interaction between strength, modulus,
creep, and shrinkage on cracking.

Curing

Curing was investigated with seven concrete mixes subjected to curing regimes includ-
ing no curing, 6-hr delayed curing, 60-day wet curing, and thermally insulated curing. The
different curing conditions were tested on high- and low-cracking-tendency concrete mixes
selected from the mixes that investigated the effect of mix proportions. The low-cracking-
tendency mix contained 278 kg/m® (470 Ib/yd®) cement and a water-cement ratio of 0.50.
The high-cracking-tendency mix contained 501 kg/m® (846 1b/yd®) cement and a water-
cement ratio of 0.35.

The rings that were not cured (they were stripped out of the forms immediately after
reaching final set) cracked quicker than the control specimens for both the high- and low-
cracking-tendency mixes. No difference was noted for the 6-hr delayed curing concrete,
although the geometry of the test specimens effectively prevented evaporation from the
concrete test surface during the period before initial set.

In comparison to the control mixes, the 60-day wet curing delayed cracking of the high-
cracking-tendency mixes by about 9 days, but showed mixed results for the low-cracking-
tendency mix. Insulating the concrete to slow heat loss after it reached peak hydration
temperature was inconclusive, with a large scatter in the test results.

Evaporation Rate

This project tested the effect of evaporation rates on the high- and low-cracking-tendency
mixes described above. The rings were cured in the forms under saturated burlap for 24 hrs
before the forms were stripped. This precluded the development of plastic shrinkage cracks
in the surface of the concrete. The rings in the high-evaporation-rate chamber cracked much
earlier than the companion rings, confirming previous findings that linked high evaporation
rates to earlier cracking. This earlier cracking occurred because strength development is not
very dependent on the evaporation rate and the high-evaporation-rate specimens experi-
enced larger shrinkage stresses without corresponding increases in strength.

Casting Time-of-Day

The last group of tests investigated casting time. One set of mixes was cast in a simulated
morning placement, and the other set was cast in a simulated evening placement. Each set
consisted of two rings each of the low- and high-cracking-tendency mixes. The concrete
rings were cast at room temperature, using materials stored at room temperature, and placed
into the cyclic temperature chamber immediately after casting. For high-cracking-tendency
concretes, the morning-cast specimens cracked 5 days earlier than the evening-cast speci-
mens. On average, the low-cracking-tendency spec1mens cast in the morning cracked
13 days earlier than those cast in the evening.
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STRESSES AND TRANSVERSE DECK CRACKING

INTRODUCTION

Concrete bridge decks develop transverse cracks when longitudinal tensile stresses in
the deck exceed the tensile strength of the concrete. These tensile stresses are caused by
temperature changes in the concrete, concrete shrinkage, and bending from self-weight
and traffic. A combination of shrinkage and thermal stresses causes most transverse
bridge deck cracking. Transverse cracking in simply supported bridges and in continu-
ous-span bridges away from interior supports is caused entirely by thermal and shrink-
age stresses. In continuous-span bridges near interior supports, gravity-load stresses can
increase the risk or severity of transverse cracking. Because many cracks occur before
bridges are open to traffic, traffic loads are not considered a significant cause of early
deck cracking.

Shrinkage and temperature stresses develop in all bridge decks, because the girders
restrain the natural thermal and shrinkage movement of the deck. When the deck and gird-
ers consist of different materials (steel and concrete, or different concretes) with different
thermal expansion rates, even a uniform temperature change will cause stresses as the dif-
ferent materials expand differently but cannot where they are attached. Temperatures in a
bridge are rarely uniform or linearly distributed, and shrinkage is nonlinearly distributed.
Nonlinear shrinkage and temperature changes cause stress, even without restraint.

Many factors affect shrinkage and thermal stresses. Geographic location affects these
stresses, because the environment affects early hydration temperatures, drying shrinkage,
and final temperature cycling. Material properties and bridge geometry also affect shrink-
age and thermal stresses.

RESTRAINT

Unrestrained concrete will expand when it is heated and contract when it cools. Unre-
strained concrete also shrinks as it dries. Strain describes these thermal and shrinkage move-
ments.

Strain by itself does not necessarily cause stress (necessary for cracking). When concrete
undergoes a uniform or linearly distributed shrinkage or temperature change, it will not
develop stresses if it is unrestrained. However, if restrained, the force or pressure restrain-
ing the concrete causes stress. Concrete restraint can be internal or external. Nonlinear
shrinkage and temperature changes in concrete are restrained by the concrete itself and
stresses develop.

Because most decks are composite with their supporting girders, or if not there is con-
siderable friction reducing sliding, the girders restrain deck strains when they do not have
temperature or shrinkage strains identical to the deck. This restraint is usually worst with
steel girders, because steel girders do not shrink and steel usually has a different coefficient
of thermal expansion. To a lesser extent, embedded reinforcement in the deck also restrains
the deck against shrinkage and against thermal movements when the steel has a different
coefficient of thermal expansion than the concrete. The girder and reinforcement restraint
cause stresses in the concrete deck.
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TEMPERATURES AND THERMAL STRESSES

Most bridge decks experience temperature changes. These temperature changes cause
stresses that cause transverse deck cracking. The first large stresses in a bridge deck develop
during early hydration of the concrete deck. Later, temperature cycling causes additional
stresses.

Hydration Temperatures and Stresses

The first significant thermal cycle of a bridge develops during early hydration of the con-
crete. As fresh concrete hydrates and gains strength, the exothermic chemical reaction of
the cement paste liberates heat and the temperature of the concrete rises.

During this time, the concrete is hydrating and generating substantial heat; this heat gain
is larger with thicker members. Then, temperatures drop to match surrounding air or struc-
ture temperatures. While concrete is fluid, it can adjust to changing temperatures without
developing stresses; however, after hardening, temperature changes cause stresses. Early
thermal stresses in the concrete deck are highest if the deck concrete hardens when it is at
its warmest temperature, locking in a stress-free temperature that is significantly warmer
than the girders, followed by cooling that is restrained by the girders.

Peak temperatures typically occur within the first 24 hours after casting, after which con-
crete temperatures fall. Warmer concrete delivery, more cement, finer cement, thicker con-
crete sections, better insulated forms, warmer weather, more solar radiation, and warmer
abutting structures increase early peak concrete temperatures and associated thermal
stresses. . :

When a deck is cast monolithically with concrete girders, the concrete deck will reach
warmer temperatures faster than when the deck is cast after the girders, because the girders
are also generating heat instead of transferring heat from the deck. However, depending on
bridge geometry and the environment, monolithic casting may increase or decrease stresses.
Stresses from a monolithic pour can be lower when the girders are thin and heat and cool
similarly to the deck; stresses can be higher when the girders are thick, keeping the deck
above the girder warm while deck areas between the girders cool. An advantage of mono-
lithically casting the girders and deck is that both will have simultaneous shrinkage,
thereby, reducing shrinkage stresses.

The deck of the monitored Portland-Columbia Bridge was cast on large steel girders
and is only 200-mm (8-in.) thick, yet temperatures increased and then decreased approx-
imately 27°C (50°F) during the first 3 days. Thicker concrete sections dissipate hydra-
tion heat slower, and temperature can increase as much as 56°C (100°F) in thicker sec-
tions.

The temperature changes during early hydration and immediately afterwards can cause
large residual thermal stresses as the concrete is hardening. These thermal stresses alone
may be large enough to cause transverse deck cracking in some bridges. Reducing the tem-
perature gain during early hydration will reduce thermal stresses and the risk of transverse
deck cracking. This can be done by reducing the cement content, using a low heat of hydra-
tion cement, cooling the concrete, casting at moderately low ambient temperatures, casting
in evening or night conditions, and early wet curing.

The nonuniform temperature gradient that exists when the concrete is hardening
represents the stress-free condition. Later, stresses develop even if the section reaches a
uniform temperature because of the difference between the stress-free gradient and the
later gradient. These residual stresses are similar in nature to those in a rolled-steel
section.

The deck of the Portland-Columbia Bridge reached 55°C (130°F) during early hydration,
and then cooled to approximately 32°C (90°F) to 13°C (55°F) during the next several days.
Daily temperature changes of the deck typically ranged 25°C (45°F). For a temperature
decrease of the deck surface of 25°C (45°F), the thermal tensile stresses in the deck are
approximately 1.85 MPa (266 psi).
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Diurnal Bridge Temperatures and Stresses

Weather determines the temperatures and thermal stresses in a bridge. The typical diur-
nal weather cycle begins with the lowest ambient air temperature occurring just before sun-
rise. Air temperatures then increase as the sun rises, usually peaking a few hours before sun-
set. After sunset, air temperatures rapidly drop, and the coldest air temperature occurs again
just before sunrise. Clouds and precipitation affect this cycle, and often produce the quick-
est temperature change in a bridge.

Solar radiation is the predominant source of temperature change in most bridges after ini-
tial hydration of the cement paste. The deck absorbs part of the radiant energy from the sun,
and the remainder is reflected. A dark surface absorbs more radiation energy than a light
surface, and a rough surface gains more radiation than a smooth surface. Bridges directly
exposed to sunlight will have larger diurnal temperature cycles than shaded bridges in the
same geographical region.

Asphaltic concrete overlays are usually much darker in color than portland cement con-
crete surfaces. An asphaltic concrete overlay absorbs more radiation than a portland cement
surface and typically insulates the underlying concrete deck against temperature changes.
Consequently, except for overlays thinner than 51 mm (2 in.), asphaltic concrete overlays
typically reduce the effects of radiation.

Winds and air currents from moving vehicles affect concrete convection (the transfer of
heat from a solid to moving air or fluid). Convection cools deck surfaces, reducing peak
temperatures caused by radiation. Convection also accelerates concrete cooling when air
temperatures are decreasing. Diurnal bridge temperature cycles are lower when bridges are
exposed to faster winds. . .

For most bridges, diurnal temperature changes produce larger thermal stresses than sea-
sonal temperature changes. Diurnal temperature cycles of concrete decks exposed to solar
radiation are often larger than the air temperature cycles, especially when decks are thin.
Large girders, especially concrete girders, have large thermal mass and react more slowly
to the changing environment; they often have smaller temperature cycles than ambient air
has. Bridge decks in moderate or extreme climates can easily experience 28°C (50°F) diur-
nal temperature cycles. :

For some bridges, the greatest temperature changes occur during yearly cycles. As the
sun changes position and distance from the earth, the maximum solar radiation incident on
the surface occurs on the longest day of the year, and the maximum ambient air tempera-
ture typically occurs several days later.

Thermal stresses and the risk of transverse deck cracking are greatest when diurnal
temperature cycles are large, solar radiation is high, and large seasonal tempera-
ture differences exist. These conditions vary greatly by geographical location, and are
unavoidable.

Seasonal Temperatures and Stresses

Stresses from seasonal temperature change are small or negligible in most concrete
bridges because both deck and girders have similar thermal expansion rates. In these
bridges, seasonal temperature stresses develop primarily because of different thermal
expansion rates of the concrete and reinforcing steel.

When steel girders support a concrete deck, seasonal temperature changes cause stresses
when the concrete has a different thermal expansion rate than the steel. Because most con-
cretes have a lower coefficient of thermal expansion than steel has, seasonal temperature
decreases will generally cause compressive stresses in the deck, and temperature increases
will cause tensile stresses in the deck. A uniform full-depth 28°C (50°F) temperature change
in simply supported or continuous-span steel bridges may cause deck stresses as large as
2.0 MPa (291 psi). )
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CONCRETE SHRINKAGE AND SHRINKAGE STRESSES

All concrete bridge decks shrink and develop shrinkage stresses. These stresses can be
large and cause transverse bridge deck cracking.

Concrete Shrinkage

Moisture is needed for cement hydration, which stops when the relative humidity (RH)
drops to less than approximately 80 percent, for concrete hardening and strength gain. If a
high RH is not maintained, concrete dries—primarily by evaporation of the concrete mix
water—without experiencing a strength gain.

The major factor affecting the final amount of drying shrinkage is the amount of water
in the mix that evaporates. Curing and environment (air temperature, humidity, solar radi-
ation, winds, etc.) affect the shrinkage rate, as does concrete temperature. Poor curing will
accelerate drying and shrinkage, accelerate shrinkage stresses, decelerate strength gain, and
increase the risk or severity of transverse cracking.

The shrinkage of new concrete occurs in two phases. In the first phase, free water evap-
orates and a relatively small amount of shrinkage occurs. Then, during the second phase,
adsorbed water in capillary and gel pores is lost, and a large amount of shrinkage occurs.
Drying shrinkage of new unreinforced, unrestrained concrete in a 23°C (73°F) 50 percent
RH environment can range from about 500 to 1000 microstrain (ue).

The RH greatly affects drying shrinkage. When concrete reaches temperature and RH
equilibrium, its volume remains stable until its humidity or temperature changes. If the
humidity decreases, the concrete will shrink, and if the humidity increases, the concrete will
swell. Virtually all bridge decks are continuously undergoing RH and temperature cycles
because of changing diurnal and seasonal weather conditions.

Concrete surfaces exposed to air dry and shrink quicker than interior locations. After the
surfaces have dried, water from interior locations migrates toward the surface and evapo-
rates. Locations near the surface shrink quicker than more interior locations, because the
water contained in these areas has a shorter distance to travel to the surface. Theoretically,
the shrinkage profile is parabolic, with drying proportional to the square of the distance from
the surface.

The evaporation rate of water in concrete depends on the environment and the surface-
to-volume ratio of the concrete section. Concretes with a high surface-to-volume ratio dry
and shrink quicker (/7). Members with rapid surface drying and slow diffusion (from either
low permeability or large thickness) develop large strain differentials as the surface dries
and shrinks while interior portions remain at a high moisture content and shrink much less.
Shrinkage differentials initially can produce compressive stresses in the interior and tensile
stresses in the exterior portions, contributing to cracking.

Thinner decks shrink quicker and more uniformly than thicker decks. When concrete is
cast against a stay-in-place (SIP) form or other moisture barrier that prevents drying from
the soffit, shrinkage is slower than when it occurs from both surfaces. Analyses described
later in these Guidelines examine both a uniform and a linear shrinkage profile; this sim-
plification was necessary to examine the thousands of material and geometry combinations.

Most drying of a bridge deck will occur within the first 6 to 12 months after construc-
tion. During this time shrinkage stresses develop. After concrete dries to a constant mois-
ture level, additional shrinkage is minimal. Decks cast with removable forms will dry faster
than decks with SIP forms because they can dry from both top and bottom surfaces. How-
ever, shrinkage stresses can be higher when SIP forms are used because drying is less uni-
form. Reinforced concrete shrinks less than unreinforced concrete because the reinforce-
ment restrains the shrinkage. Reinforcement tends to increase the number of cracks but
reduces their individual widths. Aggregates restrain paste shrinkage, and some aggregates
restrain paste shrinkage better than others.

Concrete shrinkage is affected by many parameters including aggregate amount and type,
amount of mix water, properties and quantities of admixtures, ambient air temperature, RH,
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curing method, and drying time. Some types of cement cause more shrinkage than others;
for example, concrete made with portland cement that is deficient in gypsum will shrink
more than a nearly identical concrete with cement that has an optimum gypsum content.
ASTM C596 (15) can determine the effect of portland cement on the drying shrinkage of a
graded Ottawa sand mortar subjected to standard temperature, RH, and evaporation condi-
tions. However, the drying shrinkages of paste or mortar may not be good indicators of the
drying shrinkage of a concrete. The following factors produce high shrinkage in concrete:

* High water content,
* High cement content,
* Aggregates with high absorption,
» Aggregates with low moduli of elasticity,
* High air content,
* Aggregates that adhere to entrained air,
 Clay contaminants in aggregates,
* Small maximum aggregate size,
» Lightweight aggregates,
¢ Calcium chloride admixtures,
* High sand content,
¢ Triethanolamine admixtures,
* Fine cement,
. Nonoptimum S0; in cement, and
* Intermediate (3—7 days) length of moist curing.

Shrinkage-compensating cement can reduce concrete shrinkage and shrinkage stresses.
The results of using shrinkage-compensating cement to reduce deck cracking are mixed but
generally favorable. Additional quality control testing must be done before construction
when using shrinkage-compensating cement, including the ASTM C878 (I/5) concrete
expansion test. Shrinkage-compensating cements are discussed in detail in the materials
section of these Guidelines.

Shrinkage Stresses

All concrete bridge decks shrink. Shrinkage can cause cracking when the concrete is
restrained from shortening. Most bridge girders restrain decks, and such restraint often
causes transverse deck cracking. Designers often overlook shrinkage stresses. If bridge
girders did not restrain decks, shrinkage would probably not cause deck cracking. The lon-
gitudinal stresses that cause transverse deck cracking are caused by a complex interaction
of concrete properties, bridge geometry, construction techniques, and geographical envi-
ronment.

Shrinkage stresses are affected by free-shrinkage, effective modulus of elasticity of the
concrete (adjusted for creep), and degree of restraint. Free-shrinkage is the shrinkage of an
unrestrained section of concrete, usually measured by prism samples according to
AASHTO T160 (I6). The effective modulus of elasticity is the stress divided by the strain,
including creep effects. The degree of restraint is the percentage of free-shrinkage prevented
from occurring.

Reinforced concrete shrinks less than unreinforced concrete because the reinforcement
restrains the shrinkage. This restraint causes stresses in the deck, but often these stresses are
low. In a bridge deck, the girders can largely restrain the deck and cause large stresses and
cracking.

Free-shrinkage of the concrete in the new deck of the Portland-Columbia Bridge was
approximately 300 pe. The restraint varied along the bridge, but typical areas contracted
about 130 millionths representing a 43 percent degree of restraint. The concrete modulus
of elasticity was approximately 20,000 MPa (3.0 X 10° psi) when the concrete was 1 month
old. Creep may have reduced the effective modulus of elasticity to 17,200 MPa (2.5 X 10°
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psi). The approximate shrinkage stress in the concrete is the product of the free-shrinkage,
the degree of restraint, and the effective modulus, i.e., equal to 300 ue X 43 percent X
17,200 MPa (2.5 X 108 psi), or 2.22 MPa (322 psi). The tensile strength of the concrete was
approximately 2.75 MPa (400 psi). Since the tensile strength of the concrete was greater
~ than the calculated shrinkage stress, cracking in the deck probably did not occur from
shrinkage alone. However, thermal stresses can be additive and contribute to the cracking.

SELF-WEIGHT AND TRAFFIC STRESSES

Traffic loads are rarely a significant cause of transverse deck cracking. In a simply sup-
ported span, traffic causes compressive stresses in the deck that do not contribute to trans-
verse cracking. With continuous-span bridges, traffic causes tensile stresses in the deck over
supports, and transverse cracking can be worse over these supports. However, transverse
cracking often occurs before traffic loads are applied, and it is not limited to the support
areas of continuous-span bridges. Although traffic loads may not cause early cracking, traf-
fic vibrations can lead to raveling of early cracks, making them easily visible. Heavier vehi-
cles typically worsen raveling more than lighter vehicles.
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ELASTIC EQUATIONS TO PREDICT SHRINKAGE AND THERMAL
STRESSES IN A BRIDGE

GENERAL DESCRIPTION

Because bridges undergo changing temperatures, and because bridge decks shrink dif-
ferently than their supporting girders, shrinkage and thermal stresses develop in bridge
decks. If a concrete bridge deck was not attached to its supporting girders, shrinkage and
temperature changes in the bridge would typically cause the deck and girder to expand and
curve differently. However, slippage or separation rarely occurs at the deck-girder interface
because of friction and concrete bond, and because of mechanical connections and rein-
forcement extending across the interface. As such, when shrinkage and temperature
changes occur, the girder and deck restrain each other.

A shear force and a force couple (moment) develop at the interface near the ends of the
span, (18) as shown in Figure 1. When a concrete deck is reinforced, shrinkage and ther-
mal movement of the deck is also resisted by embedded longitudinal reinforcing steel. If
present, a SIP metal deck provides additional restraint.

Systems of equations are presented that calculate the forces and force couple in a
composite bridge with a reinforced deck, and the resulting stresses. Once these forces
and couples are calculated, strains and stresses in the concrete deck can be determined.
The derived equations accommodate multiple levels of reinforcement, to include the ef-
fects of longitudinal bars and a SIP metal deck. The equations make the following assump-
tions:

» The concrete deck is fully restrained in the transverse direction, and the girder is unre-
strained in the transverse direction.

» Temperature is constant across the width and along the length of the bridge.

+ The original temperature of the bridge is uniform. If the original temperature is not uni-
form, the effects of individual temperature changes can be determined and superim-
posed on other shrinkage and temperature effects.

* The later temperature of the beam is uniform.

* The later temperature of the deck is either uniform or nonuniform linéar with the sof-
fit temperature equal to the beam temperature.

« The reinforcing steel has negligible bending stiffness.

* Separation between the concrete deck and beam does not occur.

* The reinforcing steel in the concrete deck does not slip.

Shrinkage can produce identical stresses to those caused by temperature changes.
Shrinkage stresses can be calculated with the derived equations by using equivalent
temperature changes. The strain that would develop as a result of the equivalent temper-
ature change and an arbitrary material coefficient of thermal expansion must be the same
as the shrinkage for a deck that is perfectly separated from the girders. For example, to
calculate the effect of uniform 500 pe free-shrinkage in the deck, the deck’s coefficient
of thermal expansion may be arbitrarily taken as 1 pe/°C (0.56 pe/°F) and a 500°C
(900°F) temperature decrease is applied to the deck (1 pe/°C X —500°C = 0.56 pe/°F X
—900°F = —500 pe). ' '
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Figure 1. Compatibility shear force and force couple at
beam-girder interface.
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Figure 2. Bridge cross-section geometry.

MATERIAL AND GEOMETRY DEFINITIONS AND ASSUMPTIONS

Figure 2 and the nomenclature listed describe the deck and beam geometry notation used
for the derivations.

NOMENCLATURE

Variable  Description

Qpeam Coefficient of thermal expansion of the beam
Olgeck Coefficient of thermal expansion of the deck
Olreinf Coefficient of thermal expansion of the reinforcement
€ Strain in direction i, elongation positive
M Poisson’s ratio of the deck
a; Stress in direction i, tensile stresses positive
a Half the deck thickness, = t/2
Avpeam Area of the beam
Agecx Area of the concrete deck, = pt
d, Distance to girder centroid from deck soffit
dr; Depth of deck reinforcement layer i, from upper surface of deck
E Modulus of elasticity .
Eieam Effective modulus of elasticity of the beam
Eoecx Effective modulus of elasticity of the deck
Eeint Modulus of elasticity of the deck reinforcement
Interface shear
Fr; Force in reinforcement layer i, positive denotes tensile force
i Reinforcement layer number

Toeam Moment of inertia of beam
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Moment of inertia of the deck, = pt*/12

nr Number of reinforcement layers in deck
Q Interface moment (force couple)

Sdeck Section modulus of deck, = pt*/6

t Deck thickness

Ty Initial temperature of bridge

T, Later temperature at upper surface of deck
T, Later temperature of beam

Tr; Later temperature of reinforcement layer i

SOLUTION OF EQUATIONS

Two sets of equations were derived to analyze strains and stresses in a composite bridge.
The first equation set assumes a uniform equivalent-temperature change in the deck and an
independent uniform equivalent-temperature change in the girders, as shown in Figure 3.
The second assumes the linear temperature change shown in Figure 4.

When the concrete deck is separated from the beam, it will be acted upon by a shear force
at the interface with the beam (F), and a force couple (Q) near each end of the span. The
concrete is also acted upon by the forces in the reinforcement (Fr; ). For nr layers of rein-
forcement, there are 2 + nr variables that must be solved for: F, Q, and Fr; .
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Figure 3. Condition 1, Uniform temperature change in
concrete deck and uniform temperature change in girder.
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Figure 4. Condition 2, Linear temperature change in
concrete deck and uniform temperature change in girder.
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The unknown forces (F and Fr, ) and force couple (Q) can be determined by solving a
number of equations. An exact symbolic solution contains thousands of terms and is
impractical. It is recommended that users first reduce the number of variables by substitut-
ing real values for known variables, then solve the reduced system either symbolically or
numerically. Several low-cost mathematical software packages are currently available that
have sufficient power to solve for the unknown forces and force couple when the other vari-
ables have been defined.

Equations 1, 2, and 3 must be solved to calculate the restraint when a bridge is subjected
to a uniform temperature (or equivalent temperature) change. Note that Equation 5 must be
solved once for each layer (i) of reinforcement.

_20-ph) z x,
Cuana = S l3Q 4 Z(dr,m) +tQF + 2 (Fr,)]
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Equations 4, 5, and 6 must be solved to calculate the restraint when a bridge is subjected
to a linear temperature (or equivalent temperature) change. Note that Equation 8 must be
solved once for each layer of reinforcement.
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After the giyder and reinforcement restraints are calculated, the stress at the bottom and
top surfaces of the deck can be determined from Equations 7 and 8, respectively.
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CHAPTER 6
ANALYTICAL PARAMETER STUDY

BACKGROUND

Transverse cracks develop in a concrete bridge deck when longitudinal tensile stresses
in the deck exceed the tensile strength of the concrete. The analytical studies used conven-
tional and finite element analysis techniques to evaluate the influence of various parame-
ters on deck tensile stresses and cracking. These factors included concrete drying shrink-
age, creep, hydration temperatures and other thermal effects, position and amount of
reinforcing steel, girder size and spacing, single- and multispan conditions, and other pa-
rameters. The combined effects of material properties and geometry were analyzed. These
analytical techniques enabled a more thorough investigation of the parameters that affect
cracking than field work or laboratory testing alone could have.

To perform the analytical parameter study, equations were derived to calculate stresses
for specific shrinkage or temperature changes for any combination of geometry and mate-
rial properties. These equations assume an ideal uniform or linear shrinkage or temperature
change in the deck. The study examined more than 18,000 combinations of materials and
geometry. This project examined elastic stresses in composite bridges, for a wide variety
of bridge geometries and material properties, subjected to constant and linear deck shrink-
age and temperature changes. This work determined which material properties and geo-
metries develop larger shrinkage and thermal stresses and are more likely to cause early
deck cracking.

Before these elastic equations were used and the parameter study started, the equations
were used to predict theoretical thermal and shrinkage behavior of the Portland-Columbia
Bridge. The calculated theoretical strains compared well to actual measured strains for var-
ious temperature changes and shrinkage, indicating that theory can approximate real behav-
ior. Although elastic analysis cannot predict stresses after cracking, it indicates if cracking
will occur, with higher elastic stresses predicting more extensive cracking.

The ideal uniform and linear shrinkage and temperature profiles are simplified approxi-
mations of profiles that often actually occur. The Portland-Columbia Bridge developed sig-
nificant nonlinear temperatures that cannot be approximated by the simplified uniform or
linear temperature profile used for the analyses of geometry and materials. All outdoor
bridges also develop nonlinear temperature gradients. However, examination of measured
reinforcement strains in the Portland-Columbia Bridge shows that extreme or unusual
strains and stresses did not occur in the deck reinforcement from these nonlinear tempera-
ture changes, and hence probably not in the deck. Nonlinear temperature changes can pro-
duce larger stresses than an ideal uniform or linear temperature change, but the ideal tem-
perature changes can approximate representative thermal stresses.

STRESSES IN SIMPLY SUPPORTED VERSUS
CONTINUOUS-SPAN BRIDGES

Shrinkage and thermal stresses in simply supported spans are generally uniform along
the length of the span; stresses are different within a few feet of the ends of the spans, where
interface forces develop. Shrinkage and the stresses in a simply supported bridge are unaf-
fected by span length. Nonuniform shrinkage and temperature strain in the deck and gird-
ers cause curvature but do not affect support reactions in a simply supported span.
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However, with continuous-span bridges, these curvature strains alter the support reac-
tions and, therefore, the stresses within the deck. For example, consider two bridges each
with the same total length, identical cross-section geometry, and identical material proper-
ties; the only difference is that one bridge is simply supported, and the other is continuous
across two spans. If the top surface of the simply supported bridge is heated relative to the
girders, convex-upward curvature occurs and the center of the span deflects upward. The
two-span bridge reacts in the same way, except the interior support pulls the bridge down-
ward so that there is no vertical displacement at its location (Figure 5). This causes addi-
tional stresses to develop in the bridge, stresses that vary linearly between supports. The
vertical force at an interior support affects shrinkage and thermal stresses the same way a
vehicle at the same location affects gravity-load stresses in a simply supported bridge.

For a given cross-section, shrinkage and thermal stresses at an interior support are affected
by span-length proportions and not actual span lengths. For another example, consider a two-
span bridge with identical materials and cross-section, with an interior support at mid-length;
shrinkage and thermal stresses above the interior support are the same regardless if the actual
span lengths are 50 m (164 ft) or 80 m (262 ft), provided that the interior support is at mid-
length. Similarly, stresses above the interior support of a continuous two-span bridge with
span lengths of 20 m (66 ft) and 40 m (131 ft) are the same as a bridge with span lengths of
60 m (197 ft) and 120 m (394 ft), because the span proportion is constant at 1:2. The effects
of continuity are largest in a two-span bridge with equal span lengths.

THERMAL STRESSES

Large tensile stresses can develop in the deck after peak hydration temperatures are reached
and the deck cools. For example, a 28°C (50°F) temperature drop in the deck relative to the
girders can cause elastic tensile stresses greater than 1380 kPa (200 psi) when the concrete
deck has an early modulus of elasticity of only 3450 MPa (0.5 X 10° psi), and greater than
6900 kPa (1000 psi) when the modulus is a more mature 17,200 MPa (2.5 X 10° psi).

The upper surface of the deck typically heats and cools quicker, because it is exposed to
direct solar radiation and precipitation, and temperature gradients usually exist. A linear
temperature gradient in the deck, not a uniform temperature gradient, typically produces
larger deck stresses. For example, a temperature increase in the deck that linearly varies
from 28°C (50°F) at its top surface to 0°C (0°) at its soffit will cause larger stresses than a
uniform 28°C (50°F) temperature increase in the deck.

e essas o]
A o
Shrinkage and Thermal Curvature
in a Simply-Supported Bridge
(Does Not Affect Support Reactions)

Shrinkage and Thermal Curvature
in a Continuous Two-Span Bridge,
with Support Reactions on Spans

Figure 5. Continuous two-span structure.
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In a simply supported bridge, a 28°C (50°F) diurnal temperature cycle in the deck may
cause stresses in the deck as large as 9.3 MPa (1350 psi) with steel girders, and 10.2 MPa
(1480 psi) with concrete girders. When spans are continuous over supports, the same tem-
perature cycle can cause stresses as large as 13.8 MPa (2000 psi) with concrete girders; con-
tinuity typically does not significantly affect deck stresses in steel-girder bridges.

SHRINKAGE STRESSES

Shrinkage is never uniform because drying is never uniform. Drying shrinkage causes
stresses to develop in the deck. The shrinkage stresses alone may be large enough to cause
transverse deck cracking, or, when combined with thermal stresses, they may cause trans-
verse cracking.

Shrinkage stresses are generally worse in a steel-girder bridge than in a concrete-girder
bridge. This is usually the case because the steel girders do not shrink with the concrete
deck, and the shrinkage strain difference between the deck and girders is maximized.
Shrinkage stresses are often lowest in a monolithic cast-in-place bridge, where both the
deck and girders have similar final shrinkages (although the deck typically shrinks quicker
than the thicker girders). A bridge deck supported by precast, prestressed girders may
develop more or fewer shrinkage stresses than the monolithic concrete bridge, depending
on the remaining shrinkage and creep of the precast girders when the concrete deck is cast.

When the deck shrinks relative to its girders in a simply supported bridge, 500 ue uni-
form free-shrinkage of the concrete deck may cause tensile stresses as large as 9650 kPa
(1400 psi) in a steel-girder bridge and 12,400 kPa (1800 psi) in a concrete-girder bridge,
depending on geometry and material properties; maximum stresses from a linear shrinkage
profile are slightly larger.

For some steel-girder bridges, shrinkage stresses are largest over interior supports, but
for the other bridges, the stresses are lower over the supports; continuity effects are gener-
ally small with steel-girder bridges. Stresses above the interior supports of a monolithic
(uniformly shrinking) concrete bridge are not significantly affected by continuity over the
support. However, when differential shrinkage occurs between the concrete girders and the
deck, total stresses over the interior support may reach nearly 13,800 kPa (2000 psi) for dif-
ferential shrinkage of 500 pe, much larger than the stresses away from support.

PARAMETER STUDY FINDINGS

Shrinkage and temperature change can cause large tensile stresses in bridge decks. The
parameter study determined the stresses caused by different levels-of shrinkage and tem-
perature changes in decks of simply supported and continuous-span bridges with steel and
concrete girders.

The calculated stresses show that thermal and shrinkage stresses in a concrete bridge
deck can be several times larger than the tensile strength of concrete. While tensile stresses
in concrete can never be as high as these calculated stresses, the calculated stresses indicate
that cracking is expected. Higher calculated stresses predict more severe cracking.

While theory predicts that many combinations of geometry and material properties will
cause cracking, it predicts that others will not. Usually, but not always, the largest stresses
were calculated with the largest girders at the narrowest spacing, the thinnest decks, and the
highest concrete modulus of elasticity. Designers should investigate the shrinkage and
thermal stresses that can develop in a bridge deck. Designs that are expected to have high
stresses that may cause stresses should be avoided when possible, or additional reinforce-
ment should be added to the deck to control the expected cracking.
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INTRODUCTION

The parameter study found that bridge geometry can have a large effect on deck stresses
and transverse cracking. This chapter summarizes the results of the parameter study related
to design, supplemented with knowledge gained from the survey response and literature
review. It also presents design recommendations to reduce deck stresses and the risk of
transverse cracking.

Most states build similar bridges. Tables 4 and 4(a) show the bridge geometries currently
being built in the United States.

Current AASHTO design procedure requires that bridge design account for longitudinal
movement at the supports resulting from temperature changes but does not require exami-
nation of shrinkage (except with prestressed bridges) and nonuniform temperatures. The
AASHTO procedure is adequate to calculate movement that must be accommodated at sup-
ports, but it does not address stresses that occur from shrinkage and daily temperature
changes.

Shrinkage and temperature changes are the primary cause of transverse deck cracking.
Bridge designers rarely consider these stresses, because shrinkage and temperature-
reinforcing steel are usually considered sufficient to control cracking. Designers should
consider these stresses in their designs, using the equations presented in the preceding chap-
ter or other methods.

SPAN SUPPORT

When spans are simply supported, shrinkage and thermal stresses are generally uni-
form along the length of the bridge. The reactions at the supports are not affected by these
stresses if the bearings can move to accommodate the associated longitudinal movement.
The supports do not restrain the bridge curvature caused by shrinkage and temperature
changes.

However, when spans are continuous over supports, the interior supports restrain
the curvatures caused by shrinkage and temperature changes. This external restraint
applies additional stresses to the deck. These additional stresses generally vary linearly
between supports. Some transportation agencies found more transverse cracking on
continuous-span bridges than on simply supported bridges. Researchers (/9) found
more cracking in the middle spans of continuous structures than in the end spans, and
cracking was slightly more prevalent on two-span systems than on other continuous-span
systems.

The parameter study found that continuity over supports usually affected bridges with
concrete girders more than those with steel girders. However, the effect depends on the
curvature of the composite bridge caused by shrinkage and temperature changes, and the
section modulus of the composite section. The effect on support reactions is proportional
to the moment of inertia of the composite bridge, and the curvature that would occur
without the interior supports. The associated stress at the upper surface of the deck is then
proportional to this reaction effect, and inversely proportional to the composite section
modulus.



TABLE 4 Typical geometry of bridge decks based on the survey results (Metric) (English conversion in Table 4{a})

Continuous spans—typical range

Cast-in-place reinforced
concrete girder

Post-tensioned concrete
girder

Precast, prestressed
concrete girder

Steel girder

Span lengths (m)

6.1-60.9 / 16.7-33.5

21.3-195 / 33.5-85.3

7.694.5 / 13.7-38.1

6.1-160 / 27.4-76.2

Girder spacings (m)

1.2-3.0 / 1.7-2.6

2.0-3.7 / 2.43.0

1243 / 2.03.0

1.26.1 / 2.13.4

Girder depth (m)

0.3-24 / 09-14

0.9-3.7 / 1.529

0324 / 08-1.7

0609 / 08

Top steel cover (mm) 38-75 / 50 38-75 / 63 38-75 7 63 5075 [/ 63
Bottom steel cover (mm) 2538 / 25 2538/ 25 2538 / 25 2550 / 25
Slab thickness (mm) 165-304 / 177 177250 / 190-228 152-279 / 190-241 177-381 / 203-250
Maximum bar size in deck (mm) 1935 / 19 12-35 / 22 1635 / 19 12-35 / 19

Simple spans—typical range

Span lengths (m)

6.1-38 / 12.1-21.3

22.8-67.0 / 30.4-53.3

6.1-45.7 / 13.8-36.5

6.1-76.2 / 21.3-48.8

Girder spacings (m)

0.9-3.0 / 1.5-24

2.03.7 / 2130

1248 / 1.8-3.0

1242 / 2130

Girder depth (m)

0324 / 08-15

1.23.0 / 23-3.0

0.1-24 / 0818

0.3-3.7 / 07-2.1

Top steel cover (mm) 3863  / 50 38-75 / 50 38-7s / 57 3875 / 63
Bottom steel cover (mm) 25-50 [/ 8.5 2538 / 25 25-50 [/ 25 2538 / 25
Slab thickness (mm) 152250 / 288 101457 / 177279 152-292 / 190-228 102279 / 152
Maximum bar size in deck (mm) 12-35 / 22 16-35 / 22-25 12-35 / 19 1235 /19
General
Typical spacing of temperature 304-457 / 304 304-457 / 304 152457 / 304 304457 / 304
reinforcing steel (mm) :
Which bars are nearest the top surface of
the slabs? T-9 T-10 T-29 T-34
Transverse-longitudinal-varies with L-0 L-2 L-5 L-3
design V-2 V-0 V-0 V-1
(T L V) [number of responses]
Afe top and bottom transverse bars Y-9 Y-8 Y- 25 Y-30
aligned? N - N-3 N-8 N-8
(Yes No) [number of responses}

Note: First set of values specify rangé of values obtained from the The second set of values are typical ranges.
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TABLE 4(a) Typical geometry of bridge decks based on the survey results

Cast-in-place reinforced

Post-tensioned concrete

Precast, prestressed

Steel girder

Simple spans—typical range

Continuous spans—typical range concrete girder girder ) concrete girder

Span lengths (ft) 20-200 / 55-110 70-640 / 110-280 25-310 / 45-125 20-525 / 90-250
Girder spacings (ft) 4-10 / 55-8.5 6.5-12 / 8-10 4-14 /6.5-10 420 / 7-11
Girder depth (ft) 1-8 / 345 312 / 595 1-8 / 2555 2-12 / 3.59
Top steel cover (in.) 1537/ 2 153/ 25 1.53 / 25 23/ 25
Bottom steel cover (in.) 1-15 / 1 1-15 / 1 1-15 /1 12 /71
Slab thickness (in.) 6.5-12 / 785 7-10 / 7.59 6-11 / 7595 7-15 / 8-10
Maximum bar size in deck (No.) 6-11 / 6 4-11 / 7 5-11 / 6 411/ 6

Span lengths (ft)

20-125 / 40-70

75-220 / 100-175

20-150 / 45-120

20-250 / 70-160

Girder spacings (ft) 3-10 / 5-8 6.5-12 / 7-10 4-16 / 6-10 4-14 / 7-10
Girder depth (ft) 1-8 / 2.5-5 4-10 / 7.5-10 0.5-8 / 2.56 1-12 / 37
Top steel cover (in.) 1525 /1 2 1.53 / 2 1.53 /1 2.25 153 1/ 25
Bottom steel cover (in.) -2 /71 1-15 /1 12 /1 1-15 /1
Slab thickness (in.) 6-10 / 9 4-18 / 7-11 6-11.5 / 759 7-11 / 89.5
Maximum bar size in deck (No.) 4-11 / 7 5-11 / 7-8 4-11 / 6 4-11 / 6
General
Typical spacing of temperature reinforcing 12-18 / 12 12-18 / 12 618 / 12 12-18 / 12
steel (in.)
:;2:::: bars are nearest the top surface of the T.o T-10 T -29 T-34

) oy S . L-0 L-2 L-5 L-3
Transverse-longitudinal-varies with design V-2 V-0 V-0 V-1
(T L V) [number of responses]
Are top and bottom transverse bars aligned? Y-9 Y-8 Y-25 Y - 30
(Yes No) [number of responses] N-1 N-3 N-8 N-8

Note:" First set of values specify range of values obtained from the agencies. The second set of values are typical ranges.
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GIRDER DESIGN

The concrete deck of a composite bridge is externally restrained by its supporting gird-
ers. Transverse deck cracking would not occur without this girder restraint. However, non-
composite bridges are usually not economically practical. Even when a bridge is designed
to be noncomposite, some composite behavior is inevitable from simple friction at the
girder-deck interface. For most bridges, the girder affects deck stresses and transverse
cracking more than any other design factor.

Girder Type

Some transportation agencies found more transverse cracking in decks supported by steel
girders than those supported by concrete girders (19,20). One researcher (21) found more
cracking for steel girders when SIP forms were used but much more-cracking for precast
girders when conventional forms were used.

The analytical studies found that stresses and the risk of transverse deck cracking are usu-
ally higher when-decks are supported by steel girders instead of concrete girders. Steel is
more thermally conductive than concrete, and larger temperature variations and thermal
stresses can occur with steel girders. Also, steel girders do not shrink but concrete girders
do, so the differential shrinkage of the deck and girder is usually much higher with steel
girders, and the risk or severity of transverse cracking is greater. However, with continu-
ous spans, the risk or severity of localized transverse deck cracking over interior supports
may be worse with concrete girders.

Girder Size and Spacing

Larger girders restrain bridge decks more than smaller girders, and the risk of transverse
cracking can be expected to be worse with larger girders. Because longer spans require
larger girders, longer spans may be more prone to transverse deck cracking. Reducing the
girder spacing typically increases deck stresses for a given girder size, but reducing the
spacing also reduces the required girder size, and the effects are generally offsetting.

Girder size and spacing are generally dictated by the bridge span. When practical, reduc-
ing the span and girder size can decrease deck stresses and the risk of transverse cracking.
Often bridges with longer spans crack more than those with shorter spans (19,21), and spans
longer than 21 m to 30 m (70 to 90 ft) may be most susceptible to cracking (19).

Dead-Load Deflection

Some states attributed transverse deck cracking to excessive dead-load deflections, but
other researchers found no such relationship (27). Transverse cracking of the plastic concrete
can occur over the supports of unshored continuous-span bridges as a result of dead-load
bending. One researcher found concrete placed in flexible formwork simulating deck slabs
cracked between 2 and 4.5 hrs after mixing, when a curvature was of 0.013 mm™' (5x10~*
in.”") (22). To prevent this cracking, falsework deflections should be calculated and place-
ment sequences selected to limit negative moments in continuous-spans bridges. However
for most bridges, dead-load deflection is not a primary cause of transverse deck cracking.

DECK DESIGN

The design of the deck usually has a moderate or small effect on deck stresses. The lon-
gitudinal stresses that can cause transverse deck cracking are affected by the deck’s thick-
ness; the cover over its reinforcement; the reinforcement amount, size, spacing, and align-
ment; the concrete properties; embedded studs; form type; and post-tensioning, if any. The
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following subsections discuss the aspects of deck design that can affect transverse bridge
deck cracking.

Deck Thickness

- The parameter study found that thicker decks usually develop smaller shrinkage and ther-
mal stresses for a specific shrinkage pattern or temperature change, but the effect is some-
times inconsistent. Uniform shrinkage or temperature changes in the deck usually develop
nearly uniform stresses in thin decks; whereas thicker decks on smaller girders may develop
significant bending stresses. Thicker decks are also more prone to develop nonuniform
shrinkage and temperatures than thinner decks, which may increase stresses.

Recent research suggests that bridge decks thinner than 230 to 254 mm (9 to 10 in.) are
more susceptible to cracking than thicker decks (/9,23). One highway department (24)
found that thickening bridge decks from 162 mm (6.4 in.) to 218 mm (8.6 in.) reduced deck
cracking, especially those cracks wider than 0.13 mm (0.005 in.). However, this department
concluded that the cost of thicker decks outweighed the benefit and does not recommend
increasing deck thickness to reduce cracking.

Concrete Cover

The analytical studies found that reinforcement depth has an inconsistent effect on deck
stresses. Two field studies found that concrete decks with more than 75 mm (3 in.) of cover
had more transverse deck cracking than decks with less cover (19,25). This contradicts oth-
ers that found no correlation between cracking and cover (26,27). Because the probability
of settlement cracking decreases as the clear cover increases, decks with low cover are more
prone to settlement cracking. However, moving reinforcing bars farther from the concrete
surface reduces their effectiveness in distributing shrinkage stresses and reducing crack
widths at the surface. ’

Cover from 38 to 75 mm (1.5 to 3 in.) is generally recommended (/9). A minimum cover
of 50 mm (2 in.) is often necessary to avoid settlement cracking and is recommended for
corrosion protection of decks subjected to deicing chemicals.

Reinforcing Bar Size

Reducing the bar size (and decreasing bar spacing to maintain the same reinforcement
ratio) will reduce stress concentration and crack widths. NCHRP Report 297 (28) recom-
mended small reinforcing bars to reduce cracking, but did not provide specific values.
Smaller bars also reduce the probability of settlement cracking. One researcher (23) rec-
ommended reducing the maximum bar size to 16 mm (¥ in.).

Reinforcing Bar Type

Bridge decks subjected to deicing chemicals or sea spray should be reinforced with
epoxy-coated reinforcement, stainless steel, or other corrosion-resistant reinforcement.
These reinforcements resist corrosion and thereby reduce deck maintenance.

Researchers (29,30) found that epoxy-coated reinforcement typically causes wider but
fewer cracks in reinforced beams tested in flexure. However, one highway department
found that bridge decks reinforced with epoxy-coated bars cracked more than those with
plain steel bars (19). Because the concrete bond and slip strength is less when bars are
epoxy-coated, beams with epoxy-coated reinforcement often develop wider cracks. How-
ever, epoxy-coated bars resist corrosion better, and will improve long-term deck perfor-
mance despite wider cracks.
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Stainless steel, corrosion-resistant alloy steel, or reinforcing bars having improved
organic coatings may best resist corrosion in very aggressive continuously wet environ-
ments. Although stainless steel and other types of corrosion-resistant bars are more expen-
sive than epoxy-coated reinforcement, they reduce long-term maintenance costs and may
provide the most cost-effective long-term reinforcement in corrosive environments. Using
a highly corrosion-resistant steel may address corrosion concerns but not the effects of leak-
age through the deck if cracking occurs.

Bar Alignment

Most transverse deck cracks develop directly above the top reinforcing steel bars (20,31).
When the top and bottom transverse bars align, they form a weakened section within the
concrete, which may be more susceptible to cracking. Full-depth cracking usually occurs
through both top and bottom transverse bars when the bars align. By offsetting the top and
bottom transverse bars, the risk or severity of transverse cracking may be slightly reduced.

Quantity of Reinforcement

The amount and location of longitudinal deck reinforcement typically have a small effect
on stresses in the concrete deck of a steel-girder bridge. More reinforcement causes larger
deck stresses, but the additional stresses are usually small or negligible. Increasing the
amount of longitudinal reinforcement in the deck may slightly increase the risk of trans-
verse cracking.

However, longitudinal reinforcement controls transverse cracking, and affects transverse
crack widths and deck serviceability. The minimum longitudinal reinforcement required by
the AASHTO specifications has been insufficient to control cracking. The requirement
should be increased to reduce crack widths and improve deck serviceability. As a minimum,
longitudinal size 10M (slightly smaller than a #4 bar) bars should be placed at a maximum
spacing of 150 mm (6 in.).

CONCRETE STRENGTH

High-strength concretes generally crack more than lower-strength concretes, primarily
because high-strength concretes typically contain more cement and may have more shrink-
age and higher heats of hydration. Also, high-strength concrete usually has a high modulus
of elasticity and low creep, and therefore develops high shrinkage stresses for a given
restrained shrinkage or thermal strain. To reduce transverse cracking, designers should not
specify high-strength concrete for bridge decks. Instead, designers should specify maximum
cement contents or strengths to reduce shrinkage and thermal cracking. Durable, low-
permeability concretes can still be achieved with lower cement contents and strengths.

STUD SPACING

The steel studs or channels commonly used to provide shear transfer at the girder-deck
interface of composite beams cause local stress concentrations. Very little information is
published on the effect of these connections on concrete cracking. Arkansas DOT tried but
could not correlate cracking to stress concentrations at these connectors. Structural finite ele-
ment analyses for this project calculated concrete stress concentrations in areas surrounding
steel studs to be approximately 20 percent higher than the average stress in the deck.

POST-TENSIONED DESIGN

AASHTO design procedures permit tensile stresses in longitudinally post-tensioned
decks and do not require additional reinforcement if the stresses do not exceed a certain
limit; for large tensile stresses, reinforcement in these tensile zones is required to control
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(not prevent) cracking. For many design requirements, designing the post-tensioning to pro-
duce tensile stresses will result in a more efficient design and, therefore, these designs indi-
rectly encourage tensile stresses. The risk of transverse cracking is increased, especially
when additional reinforcement is not placed in tensile zones created by the longitudinal
post-tensioning. Designing the longitudinal post-tensioning to produce compressive
stresses in the deck will generally decrease the risk of severity of transverse deck cracking,
but decrease the flexural efficiency of the system.

FORM TYPE

There is debate about whether SIP forms or removable forms cause more cracking. Some
researchers found that SIP forms reduced transverse cracking (27), while others did not
(32). The SIP forms prevent drying from the soffit, reducing the average shrinkage of the
deck; however, this project’s parameter study found that nonuniform shrinkage can often
cause larger tensile stresses at the upper deck surface and increase the risk or severity of
cracking. These forms also hide soffit cracks from view and prevent inspection of the under-
side. Steel SIP forms can hold moisture against the concrete and corrode when water leaks
through deck cracks.

SKEW

Skew does not significantly affect transverse cracking, except that slightly higher stresses
occur near the corners. One researcher (23) found bridges with skews greater than 30
degrees to be more susceptible to transverse cracking.

TRAFFIC VOLUME

Researchers (33) found that bridges with high traffic volume tended to have more cracks
than those subjected to lower volumes, although the trend was not clearly shown. Heavy
truck traffic appeared to extend the length of cracks, but did not significantly affect leak-
age. Other researchers found that average daily traffic did not affect deck cracking (21,34).
High traffic volumes may ravel cracks and make them more visible.

FREQUENCY OF TRAFFIC-INDUCED VIBRATION

Traffic vibrations can cause very small tensile stresses in bridge decks. One researcher
(35) determined that traffic-induced vibrations do not adversely affect concrete decks. Oth-
ers also found that vibration frequency does not affect transverse cracking (36). Investiga-
tions of bridge deck widening did not show any problems as a result of traffic-induced
vibrations. '

ALLOWABLE STRESS VERSUS ULTIMATE STRENGTH DESIGN

Some researchers believe that changing the design method from allowable stress to' ulti-
mate strength has produced more flexible structures that are more susceptible to cracking
(23,28). However, one researcher found that flexibility does not affect cracking (21).
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CHAPTER 8
CONCRETE PROPERTIES AND MIX DESIGN

GENERAL

The parameter study and the survey responsés indicate that concrete material properties
play a primary role in transverse deck cracking. Transportation agencies should design and
evaluate concrete mixes to reduce or eliminate transverse deck cracking. Trial batches and
mix parameters can be tested with the restrained ring test.

The most important concrete properties affecting deck stresses and cracking are the con-
crete modulus of elasticity, creep, shrinkage, and the coefficient of thermal expansion.
Shrinkage strains and stresses are directly proportional to the free-shrinkage of the concrete,
and thermal strains and stresses are largely affected by the concrete coefficient of thermal
expansion. For a given restraint, the shrinkage and thermal strains are largely influenced by
the concrete’s modulus of elasticity and its creep. The aggregate type and volume, cement
content, and cement type largely affect the concrete modulus of elasticity, creep, shrinkage,
and the coefficient of thermal expansion.

Mixes having the lowest cracking tendency should be selected for use in bridge decks.
The following material effects are provided to help in the development of low-cracking-
tendency mixes; however, testing of actual mixes is recommended.

CONCRETE MODULUS OF ELASTICITY AND CREEP

The concrete modulus of elasticity and especially creep influence thermal and shrinkage
stresses more than any other material properties, despite girder type or bridge geometry. In
fact, because girder stiffness (the primary deck restraint) is primarily dictated by span
length, the concrete modulus of elasticity and creep are the two most important factors that
can be controlled to reduce transverse deck cracking. ‘ ‘

The combination of the modulus of elasticity and creep determines the stress that devel-
ops as a result of the shrinkage and thermal strains. Reducing the concrete modulus of elas-
ticity or increasing creep, or both, reduces both shrinkage and thermal stresses, and reduces
the risk of transverse deck cracking. ) .

Diurnal temperature changes and corresponding thermal stresses change quickly, and
creep does not significantly affect diurnal thermal stresses. On the other hand, shrinkage
occurs over a long time and creep can significantly reduce shrinkage stresses. Selecting a
concrete with a low modulus of elasticity and high creep generally will reduce shrinkage
and thermal stresses, and reduce the risk or severity of transverse deck cracking.

The simplest way to reduce the concrete modulus of elasticity is to use lower-strength
concrete. Creep can be increased by reducing the concrete strength, increasing the paste
content, and selecting aggregates with low moduli of elasticity. The porosity and absorp-
tion of the aggregate may be related to creep because of its role in the transfer of moisture
within the concrete. Other design factors also affect the concrete modulus of elasticity and
creep, as discussed in the following sections.

CONCRETE STRENGTH

As the compressive strength of concrete increases, generally both the modulus of elas-
ticity and the tensile strength also increase. As such, the tensile stresses that cause cracking
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and the strength of the concrete to resist cracking both increase. Standard American Con-
crete Institute (ACI) equations stipulate that both tensile strength and modulus of elasticity
be proportional to the square-root of the compressive strength. Because the ability to resist
cracking is linearly proportional to the tensile strength, the standard ACI equations predict
that the risk of transverse deck cracking decreases as the concrete compressive strength
increases. :

Creep is the concrete property that has the largest effect on long-term deck stresses and
transverse deck cracking. Creep reduces stresses that may lead to cracking. Generally, as
concrete compressive strength increases, creep decreases much quicker than the modulus
of elasticity and the tensile strength increase. In other words, increasing the concrete com-
pressive strength usually increases restrained tensile stresses more than the tensile strength
of the concrete increases, resulting in a higher risk of transverse bridge deck cracking.

The primary reason that concrete bridge decks have cracked more since the mid-1970s
is because modern deck concretes have higher early compressive strengths. AASHTO spec-
ifications increased the requirement for compressive strength of air-entrained Class A(AE)
concrete from 20.7 MPa (3000 psi) to 31 MPa (4500 psi) in the mid-1970s. Recent
AASHTO specifications for Class A(AE) concrete require a minimum 28-day compressive
strength of 27.6 MPa (4000 psi). These newer concretes have higher cement contents,
higher paste volumes, higher moduli of elasticity, higher hydration temperatures, and lower
creep. The minimum deck concrete strengths should be evaluated in design, and specifica-
tions should not allow high compressive strengths, especially at early ages. Typically, con-
crete used in bridge decks should have 28-day compressive strengths between 21 and 28
MPa (3000 and 4000 psi). Later age strength levels, such as 45- or 60-day compressive
strengths, can also be required. Low-strength concretes can be made durable and resistant
to chloride ingress by proper mix proportioning; the use of mineral admixtures, low water-
cementitious ratios, air entrainment, and corrosion-inhibiting admixtures; and the applica-
tion of surface sealers or overlays. '

MIX PROPORTIONS

Mix proportions can significantly affect concrete properties and transverse deck crack-
ing. Transportation agencies should carefully evaluate and select mixes less prone to-
cracking.

Cement Content

Transportation agencies should specify concrete with a low cement content for bridge
decks. As discussed, reducing the cement content typically increases creep, reducing
shrinkage and thermal stresses and the risk of transverse ‘deck cracking. Reducing the
cement content also reduces temperatures during early hydration, reducing the thermal
stresses that become locked into the concrete during hardening and the risk of early and
later transverse cracking. A temperature rise of approximately 7 to 8°C (13 to 15°F) occurs
per 45 kg (100 Ibs) of portland cement per 0.76 cu m (1 cu yd) of concrete, starting at mod-
erate construction temperatures.

The restrained ring tests indicated that increasing the cement content quickened crack-
ing. Also, many other researchers found that higher cement contents increased deck crack-
ing (10,14,37).

ACI Committee 345 (38) recommends a minimum cement content of 335 kg/m® (564
lbs/yd* and a maximum water-cement ratio of 0.45 for bridge deck concrete. Current
AASHTO specifications require a minimum cement content of 362 kg/m’® (611 Ibs/yd®) and
a maximum water-cement ratio of 0.45. These high cement contents often produce much
higher concrete compressive strengths than the AASHTO-specified 27.6 MPa (4000 psi).
When such a high strength is not required, the cement content should be reduced to reduce
the risk or severity of transverse cracking.

For bridge decks, transportation agencies should specify a maximum cement content
instead of a minimum cement content. If the maximum aggregate size is increased to 38
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mm (1.5 in.), a 306 kg/m? (517 1bs/yd®) cement content with a similar water-cement ratio
should provide the same workability as current AASHTO Class A or A(AE) deck concretes.
When necessary, water-reducing admixtures can be used to improve workability.

Water Content

The restrained ring testing did not find a relationship between total water content and
when cracking developed. Another researcher (24) also found little correlation between
cracking and the water content in concrete decks. The water content is a primary factor
establishing shrinkage and creep of concrete. Concretes with high water contents shrink
more than concretes with lower water contents, but additional creep often offsets this addi-
tional shrinkage.

Water-Cement Ratio

Reducing the water-cement ratio usually increases concrete strength and decreases free-
shrinkage. However, concretes with lower water-cement ratios have higher moduli of elas-
ticity and lower creep, which increase stresses for a given shrinkage strain. Therefore, when
used in a bridge deck, these concretes are sometimes more susceptible to transverse crack-
ing. The restrained ring tests found a slight relationship between the water-cement ratio and
when cracking-occurred, with some concretes with a lower water-cement ratio cracking
slightly sooner. For freeze-thaw protection only, water-cement ratios should not exceed
0.45 when bridge decks will be subjected to freezing.

Aggregate and Cement Paste Content

In general, transportation agencies should specify lean concrete mixes with high aggre-
gate content and low cement paste content for bridge decks. The concrete paste volume is
the component of the concrete that shrinks; reducing the paste volume reduces shrinkage.
Leaner mixes are thermally less expansive and develop smaller thermal stresses. Leaner
mixes are also more economical. However, creep is related to the volumetric content of the
cement paste in the mix and leaner concrete mixes typically creep less and will develop
larger stresses for a given strain. Reducing the paste volume reduces the shrinkage but also
reduces the creep so the influence on deck cracking may be offset.

AGGREGATE

The ring tests found that aggregate type affected cracking more than any other concrete
mix parameter. Disregarding rings containing Type K shrinkage-compensating cement and
extended wet curing, all standard concretes cracked within 53 days. Concrete made with
one aggregate type cracked at an average age of 20 days, and concrete with the same mate-
rial proportions but another aggregate type did not develop distinct full-depth cracking even
after 280 days.

Other researchers (24) agree that aggregate affects bridge deck cracking. Aggregates with
high shrinkage characteristics should be avoided. Aggregate type and size influence the
strength, modulus of elasticity, shrinkage, and creep of concrete; together these properties
can greatly influence cracking. Selection of aggregates for decks should be based on
cracking-tendency ring test results.

Aggregate Size

Transportation agencies should not limit the maximum aggregate size for bridge deck
concrete, except when casting around congested reinforcing areas. According to ACI 318-
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89 (39) guidelines, the maximum aggregate size should be the smaller of one-third the deck
thickness, or three-fourths the minimum clear spacing between bars. Using these ACI
guidelines, most bridge decks could be constructed with at least 38-mm (1.5-in.) maximum-
sized aggregates.

Larger aggregates permit a leaner mix while maintaining workability and reducing ther-
mal stresses during early hydration. Well-graded larger aggregates also reduce shrinkage
and bleeding (20). The laboratory ring tests involved very limited testing of the effect of
aggregate size. For the limited testing, concrete with 19-mm (7+-in.) maximum aggregate
behaved similarly to the concrete with 25-mm (1-in.) maximum aggregate.

Aggregate Shape

The limited laboratory tests indicated that concrete made with crushed aggregate cracked
later than concrete made with rounded aggregate. Each of the aggregates had different
chemistry and the influence of aggregate shape was not evaluated independently. Concrete
with crushed aggregate may perform better in bridge decks than concrete with rounded river
gravel.

Mineralogy

Aggregate mineralogy affects many of the important concrete properties that influence
deck cracking. Shrinkage and thermal stresses can be reduced by selecting aggregate with
a low modulus of elasticity, low coefficient of thermal expansion, and high thermal con-
ductivity.

Perhaps the most important mineralogy characteristic is the aggregate’s modulus of elas-
ticity. Because concrete is mostly aggregate, the concrete modulus of elasticity is largely
affected by the aggregate’s modulus of elasticity. The concrete modulus of elasticity affects
shrinkage stresses and cracking. Generally, deck concrete made with aggregate having a
low modulus of elasticity will be less likely to develop transverse deck cracking.

Also because concrete is mostly aggregate, concrete’s coefficient of thermal expansion
is determined primarily by its aggregate’s coefficient of thermal expansion. The concrete
coefficient of thermal expansion affects thermal stresses and transverse cracking. Reduc-
ing the coefficient of thermal expansion reduces diurnal and early hydration thermal
stresses, while matching the thermal expansion rate of the reinforcement and girder mini-
mizes seasonal thermal stresses. Because early hydration and diurnal thermal stresses are
typically much larger than seasonal thermal stresses, reducing the concrete coefficient of
thermal expansion will reduce thermal stresses in the deck. Typical values of the coefficient
of thermal expansion range from as low as 6 X 107%/°C (3.3 X 107%/°F) to 13 X 107%°C
(7.2 X 107%°F) depending on aggregate type (4]). '

Concrete diffusivity is a measure of how readily heat flows through concrete; a larger
value indicates quicker heat conduction. The thermal analyses of steel-girder and concrete-
girder bridges reveal that nonuniform temperature changes produce larger thermal deck
stresses than uniform temperature changes. Concrete decks with higher diffusivity will have
smaller temperature gradients than decks with lower diffusivity, and hence lower thermal
stresses. According to ACI 207.2R (40), diffusivity values for concrete range from
0.072m%day (0.77 ft*/day) to 0.129 m%day (1.39 ft*/day) depending on aggregate type.

CEMENT TYPE

Researchers (26) found that decks constructed with Type II cement cracked less than
those constructed with Type I cement. Reducing temperatures during hydration reduces ten- .
sile stresses and the risk of transverse deck cracking. Concretes with lower heats of hydra-
tion reach Jower peak temperatures during hydration and develop lower corresponding ther-
mal stresses. For this reason, Type Il or Type IV (low-heat-of-hydration) cement should be
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chosen instead of Type I cement. Type III (high early strength) cement may increase deck
cracking because it increases early hydration temperatures and thermal stresses. If Type III
cement is required, use of the minimum cement content to meet strength requirements and
early fog-mist curing to reduce hydration temperatures is required. It should be recognized
that the same types of cement from different manufacturers may react differently.

The general chemistry and fineness of cements has changed during the past 20 years.
Some of these changes correspond to changes in the AASHTO Specifications in the mid-
1970s that increased the minimum concrete compressive strengths for decks from 20 to 31
MPa (3000 to 4500 psi). Cement producers changed the cement fineness (Blaine) and com-
position. The most expensive process and the highest cost associated with cement manu-
facturing is grinding. Beginning in 1970, producers had to grind cement finer to remain
competitive even though it was more expensive. The resulting cements had higher sulfate
contents to control the faster-reacting aluminates and higher alkali contents because of
~ pollution control requirements and the uses of fuel types, such as trash and old tires, to heat
the kiln.

The finer cements and higher sulfate contents increased early strengths, heats of hydra-
tion, and the early modulus of elasticity. Lower-strength concretes produced before 1970
typically had 2-day moduli of elasticity of 40 percent of their 28-day value. The 1-day mod-
ulus of elasticity of concretes with modern cements is often 65 percent or greater of the 28-
day modulus. For example, the deck concrete on the Portland-Columbia Bridge had a 1-day
modulus of elasticity of 19,200 MPa (2.8 X 10° psi), nearly 80 percent of its ultimate mod-
ulus. Modern concretes with such high early modulus values dramatically increase the risk
of cracking because of the high stresses that develop as a result of early shrinkage and ther-
mal strains.

Modern cements also appear to have higher heats of hydration. This will aggravate crack-
ing because the concrete will reach higher temperatures and result in more locked-in deck
stress as the concrete cools to ambient. The stresses are further aggravated since the con-
crete has such a high early modulus. The use of coarser cements will reduce the cost of the
cement, the energy used to manufacture the cement, the pollution associated with cement
manufacturing, and the risk of early deck cracking.

SHRINKAGE-COMPENSATING CEMENT

Shrinkage-compensating cement holds promise as a means to reduce transverse crack-
ing although field performance has been mixed. Restrained rings with Type K shrinkage-
compensating cement developed light surface cracking and did not develop distinct cracks
even after 250 days. Concrete rings containing an ettringite-forming expansive additive
cracked at an average age of 36.5 days, 16 days later than the control concrete without the
additive.

SILICA FUME

Researchers claimed that silica fume contributes to increased deck cracking (43,44). On
one steel-girder bridge investigated by the authors, the deck spans having silica fume had
significantly more cracking than one control span not having silica fume. Adding silica
fume increases temperatures during early hydration, which increases thermal stresses. It
also increases the modulus of elasticity, which increases shrinkage and thermal stresses.

One group of researchers (45) noted that conventional concrete shrinks very slowly after
its initial hydration swelling. The concrete with silica fume did not swell, and shrinkage was
immediate. The researchers attributed this high autogenous shrinkage of silica fume con-
crete to self-desiccation.

Concretes with silica fume bleed less and are more prone to plastic shrinkage cracking.
Restrained laboratory rings with silica fume cracked 5 to 6 days sooner than the control con-
crete without silica fume, despite similar free-shrinkage. Adding silica fume increases the
risk or severity of deck cracking.
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WATER REDUCERS

Water reducers are recommended to reduce water and paste volume, and the risk or
severity of early cracking. Adding a water-reducing admixture can maintain workability
and consolidation without increasing the water content. Restrained ring tests showed that
high-range water reducers delayed cracking slightly.

SET RETARDERS

Retarders are often used to place a deck continuously. They slow the strength gain and
reduce temperature gain and the related thermal stresses, thereby reducing the risk of ther-
mal cracking. They will, however, increase the susceptibility of the concrete to plastic
shrinkage cracking. To prevent plastic cracking of continuously placed concrete, designers
must account for concrete stresses as a result of dead load.

With retarders, good curing is essential to prevent plastic cracking. Some researchers
blamed set retarders for deck cracking, but others found no relationship between the use of
retarders and cracking (27). The Minnesota DOT does not recommend retarders. Other
transportation agencies have recommended retarders to reduce early hydration temperatures
(37). The ring tests indicated that retarded concrete cracked on average about 2 days sooner
than the control mix, but the results were too scattered to permit definite conclusions.
Retarders are not recommended in winter or cool conditions because they prolong setting
time and increase the risk of plastic shrinkage cracking problems.

SET ACCELERATORS

Accelerators can worsen bridge deck cracking by increasing early shrinkage, tempera-
tures during early hydration, and the early modulus of elasticity. As such, accelerators gen-
erally should be avoided in order to reduce the risk of transverse deck cracking. Although
concrete rings made with an ASTM C494 Type C/E accelerating admixture cracked slightly
(4 days) sooner than the control mix, accelerators can help reduce plastic cracking.

FLY ASH

Fly ash is being used in increasing quantities. Fly ash reduces the rate of strength gain
and early hydration temperatures, and its use has been recommended to reduce the inci-
dence of deck cracking (37). However, replacement of 28 percent of cement with a Type F
fly ash did not significantly affect the time-to-cracking of the laboratory rings. Replacing
cement with mineral admixtures holds promise to reduce early deck stresses and cracking.

SLUMP

Fresh concrete must be readily compacted and finished. Without proper compaction,
reinforcement has less protection against corrosion. Slump shouid be least 75 mm (3 in.)
for adequate compaction and finishing reasons. Water-reducing admixtures can increase the
slump to reasonable levels without detrimentally increasing the water content. However,
water-reducing admixtures significantly reduce bieeding, making the concrete susceptible
to plastic cracking and thereby requiring early water fogging or evaporation retarders.

The restrained ring tests generally did not indicate a relationship between slump and
cracking tendency; the no-slump mixes cracked latest, but these mixes required impracti-
cal compaction. Several researchers (20,28,42) suggested that higher-slump concretes are
more susceptible to cracking because they are more prone to settlement cracking that results

" from inadequate vibration during placement. Other researchers (26) found that slump did
not affect deck cracking. Excessive high-slump concretes should be avoided, but within typ-
ical ranges of 50- to 200-mm (2- to 8-in.) slump does not appear to affect deck cracking.
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TABLE 5 Factors affecting cracking

Factors

Effect

Major

Moderate

Minor

None

Design
Restraint
Continuous/simple span
Deck thickness
Girder type
Girder size
Alignment of top and bottom reinforcement bars
Form type
Concrete cover
Girder spacing
Quantity of reinforcement
Reinforcement bar sizes
Dead-load deflections during casting
Stud spacing
Span length

Bar type—epoxy coated
Skew

Traffic volume
Frequency of traffic-induced vibrations

v

NSNS

SNSNSNSSNSSSS

Materials
Modulus of elasticity
Creep
Heat of hydration
Aggregate type
Cement content and type
Coefficient of thermal expansion
Paste volume—free shrinkage
Water-cement ratio
Shrinkage-compensating cement
Silica fume admixture
Barly compressive strength
HRWRAs
Accelerating admixtures
Retarding admixtures
Aggregate size
Diffusivity
Poisson’s ratio
Fly ash
Air content
Slump!
Water content

SSSNKS

AN N N NN

NSNSNSSNASS

ANENENEN

Construction
Weather
Time of casting
Curing period and method
Finishing procedures
Vibration of fresh concrete
Pour length and sequence
Reinforcement ties
Construction loads
Traffic-induced vibrations
Revolutions in concrete truck

NSNS

* within typical ranges
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AIR CONTENT

The laboratory rings cast without air entrainment did not show a significantly different
cracking tendency than the control mixes. However, past research suggests that concretes
with more air are slightly less susceptible to cracking than those with less air (10,32). Air
content is usually specified for freeze-thaw durability requirements; however, to reduce
cracking, it may be slightly advantageous to use air-entrained concrete in environments that
are not subject to freezing and thawing cycles. ‘

FIBER REINFORCEMENT

One DOT research project found that fiber reinforcement reduced early cracking (23). In
Japan, steel fibers are used to reduce deck cracking. Some researchers found that fibers
reduced plastic and settlement cracking (/). After cracking, fibers can reduce crack widths
(11). Further investigation of the use of fiber reinforcement is needed, and fibers may prove
useful in reducing early plastic cracking and the width of later cracks.

SUMMARY OF MATERIAL INFLUENCE AND RECOMMENDATIONS

Many material properties will affect the susceptibility of a concrete deck to cracking. Pro-
posed concretes should be tested for cracking tendency and the mix with the lowest ten-
dency should be used. Table 5 includes various material factors in order of their effect.
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CHAPTER 9
CONCRETE PLACEMENT

INTRODUCTION

Poor construction practice can increase the effects of early transverse cracking. Some
researchers (27) found that bridges in Pennsylvania built by two contractors cracked much
more than bridges built by nine other contractors. Because many construction factors affect
transverse deck cracking, transportation agencies must be careful to specify proper con-
struction techniques, and contractors must follow these techniques closely. A list of the var-
ious construction-related factors are ranked by group in Table 5.

WEATHER AND TIME OF PLACEMENT

Weather during placement can affect the early deck cracks (26). To reduce cracking,
decks generally should be cast in cool weather. Doing so reduces the concrete rate of hydra-
tion, which reduces temperatures during early hydration and associated thermal stresses.
Placing concrete during mild weather when diurnal temperature cycles are small reduces
early thermal cycles and further reduces the risk of early cracking.

The first large stresses develop in a bridge deck during its early hydration. Within the first
24 hours, temperatures in the deck can easily increase 28°C (50°F) or more, which is then
followed by similar cooling. During this time, substantial temperature variations can exist
along the length and across the width of the bridge, as heat is nonuniformly transferred out
of the deck by its supporting girders or other abutting structure. During the first several
hours while the concrete is still plastic, it can adjust to these changing temperatures with-
out developing stresses. Afterwards, temperature changes cause stresses in the deck. Cur-
ing, shading, concrete components, size, and initial concrete temperature affect these tem-
peratures and corresponding stresses. Good construction practices can reduce these early
temperatures and reduce the risk or severity of transverse deck cracking.

For most bridges, placing cooler concrete during cooler weather can reduce the risk or
severity of transverse deck cracking. The Florida DOT found the most cracks in decks cast
between May and August, and the fewest cracks in decks cast in October and November.
Cooler temperatures reduce the concrete rate of hydration and the thermal cycle during
early hydration. The concrete temperature during placement should not be much warmer
than the ambient air temperature, so that evaporation rate is not increased.

Cracking can also be a problem when concrete is cast during cold (19,32) temperatures.
This may be related to the slower setting time, which allows greater evaporation while the
concrete is plastic. The maximum air temperature at time of casting specified by the trans-
portation agencies ranged from 27 to 35°C (80 to 90°F), and the minimum air temperature
ranged from 2 to 10°C (35 to 50°F). Researchers (32) have recommended that decks not be
cast when air temperatures are colder than 7°C (45°F). Generally, concrete decks should
not be cast when air temperatures are cooler than 7°C (45°F) and warmer than 27°C (80°F);
in warmer climates, this may require nighttime casting during the summer months.

During hot weather, concrete decks should be placed during the evening or at night. Air
temperatures and solar radiation immediately after placement are lower, reducing the con-
crete rate of hydration and thermal stresses. Also, relative humidities are typically higher
and wind speeds are lower in the evening, reducing the risk of plastic shrinkage. Usually,
placing the concrete around noon on a sunny day maximizes early temperatures and
stresses, and the risk of early cracking. Researchers found more cracking in pours cast dur-
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ing low humidities and high evaporation rates (28). Casting at night significantly reduced
deck cracking, and late-morning and afternoon pours were most likely to crack (20,23). A
survey of pavements cured with clear membranes found that cracking occurred predomi-
nantly in pavements placed in the morning hours (46).

CONCRETE PLACEMENT TEMPERATURE

To prevent large thermal stresses during early hydration, concrete placement tempera-
tures should be considered. Concrete decks should be cast 5 to 10°C (10 to 20°F) cooler
than ambient air temperature, unless air temperatures are below 16°C (60°F), when the con-
crete temperature should closely match the air temperature. When warm concrete is cast in
cool weather, the concrete heats the air immediately above the surface, reducing the humid-
ity of this air layer, which increases concrete evaporation and the risk of plastic shrinkage.
The temperature of the concrete when it is delivered to the site should not be more than 5°C
(10°F) warmer than the ambient air temperature.

Transportation agencies do not agree on appropriate concrete placement temperatures.
PCA (20) recommended a maximum placement temperature of 28°C (80°F). Most trans-
portation agencies limit the maximum concrete temperature to 32°C (90°F), but some have
lower limits. The agencies generally limit the minimum concrete placement temperature to
between 7 and 16°C (45 and 60°F).

To reduce concrete temperatures, concrete suppliers should shade aggregates before mix-
ing, and replace part of the mix water with ice (23,37). Also, water misting or sheeting dur-
ing cool weather and hot weather is important to prevent evaporation. Casting cool con-
crete, reducing the cement content, placing at night, water misting, and applying
white-pigmented curing compounds will help reduce the peak concrete temperatures result-
ing from hydration and also from early thermal stresses.

WIND SPEED

When the wind speed over the concrete is 8 km/h (5 mi/h) or less, the evaporation rate
and the probability of plastic shrinkage cracking is low. The evaporation rate should be
measured at the jobsite, and wind breaks and fogging should be used during periods of high
evaporation to prevent plastic drying shrinkage. Construction specifications should require
wind breaks and immediate water fogging when the evaporation rate exceeds 1 kg/m*hr
(0.2 1b/ft¥/hr) for normal concretes, or 0.5 kg/m*hr (0.1 Ib/ft*/hr) for concretes with high
cement contents, silica fume, HRWRAs, or other constituents that reduce the bleed of the
concrete. Bleed should be tested to assess susceptibility to plastic shrinkage cracking.

PLACEMENT SEQUENCE

Placement sequence can affect deck cracking in continuous-span bridges, and some
transportation agencies recommended sequenced pours. The New Mexico DOT believes
that continuous placement sequences promote deck cracking. Other research has found that
pour length and sequence did not influence transverse cracking (23,36). Transverse deck
cracking occurs in continuous-span bridges with and without sequenced pours.

By placing the center portions of spans first in a continuous-span bridge, negative bend-
ing and tensile stresses over the interior supports are reduced, as is the risk of transverse
deck cracking. Proper sequence is important, but sequence is not a primary cause of early
cracking and sequencing pours can extend construction time.

FINISHING

Proper finishing is essential to reduce the risk or severity of transverse deck cracking.
The contractor should thoroughly vibrate and strike the concrete with a mechanical screed.
The concrete should then be smoothed using a float, if necessary. Final floating should be
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delayed until after the early bleeding to prevent crusting of the surface that traps bleed water
and weakens the surface, making it susceptible to rapid scaling. Caltrans (26) found that
late finishing and hand finishing increased cracking. New Mexico DOT also reported that
early finishing reduced cracking. Early finishing reduced the number and width of cracks,
and double-floating decreased cracking even further (26,48).

There are many mechanical finishing machines, and their effects on early cracking vary.
Finishing machines that can rapidly consolidate and finish the concrete with the minimum
amount of manipulation are best suited for decks.

To reduce surface drying before curing, the contractor should mist the deck surface using
fog nozzles specifically designed for concrete placement or apply evaporation-reducing
films. Fogging should commence immediately after strike off. Water should never be sprin-
kled directly onto the new concrete surface and worked into the surface.

TINING

Texturing of most bridge decks is done by dragging a tining broom transversely across
the deck. A tined surface drains water better than a smooth surface, but it provides a nois-
ier ride. Because tining can delay curing, many states recommend mechanical grooving
instead of tining so that curing can start sooner. Without tining, evaporation retarders and
curing compounds can be applied sooner, and wetted fabric coverings can be applied sooner
because of damage to the tinings is not a concern. Mechanical grooving also damages the
surface of the concrete less than rake tining and provides more uniform and durable
grooves. When bridge decks are cast during high evaporation conditions, curing as soon as
possible followed by mechanical grooving can reduce deck cracking.

VIBRATION OF FRESH CONCRETE

Effective consolidation improves all important properties of concrete, and problems of
under-vibration are more widespread than those of over-vibration (32). Areas of under-
vibration are more prone to cracking, (24) and some surveyed agencies believe 1nadequate
vibration is a major cause of cracking (23).

Concrete settles during its placement, vibration, and finishing. If reinforcing bars or
formwork prevents the concrete from settling in localized areas, voids and cracking occur
in adjacent areas. Figure 6 shows the relationship of concrete slump, cover, and bar size to
settlement cracking.

Especially in hot windy weather, surface crusting of the concrete can occur. This may
promote early finishing that may trap bleed water and result in surface scaling and poor sur-
face durability. Vibration must occur late enough to ensure close contact with the reinforc-
ing steel and re-vibration may be necessary if bleeding is prolonged. Very early plastic
shrinkage cracks can be closed when the concrete is re-vibrated while it is still plastic.

At least three vibrators are recommended for placement rates of 22 m*hr (30 yd*/hr) or
higher. Vibrator frequency, size, and time of insertion can generally vary without affecting
consolidation (32). :

CONSTRUCTION LOADS

Early construction loads can cause cracking (26). Heavy construction machinery or
stacked supplies can overload the deck and cause cracking, especially over supports of
continuous-span structures when the concrete is young. However, construction loads are
not a large cause of transverse deck cracking.

TRAFFIC-INDUCED VIBRATIONS

Research shows that traffic-induced vibrations before or during concrete hardening do
not cause cracking (21,34,35). Deflections associated with the vibrations are too small to
damage the concrete.



109

1001
Cover (clear
90--
- 80+
®
x
©
E 70--
(8]
60--
-
o
=2
n 501
5 40t
_ 30%
[
©
o
o 201
a
10+
o+— —1 — }
Cover: 3/4"(1.9 cm) 1"(2.5¢cm) l 1-1/2"(3.8¢cm) 2"(5.1¢em)
iar Slze:N.o.d(l.scm) No.5(1.6cm) No.6(1.9cm’
Slump: 2"(5.1cm) ' 3"(7.6¢cm) 4"(10.2cm)

Figure 6. Cracking as a function of concrete slump, clear cover, and bar size. (Bakr,
Cady, and Carrier)

REVOLUTIONS IN CONCRETE TRUCK

Research by one transportation department did not indicate a correlation between the
number of revolutions of transit mix trucks and deck cracking (26). Mix drums should be
turned at least 70 to 100 revolutions after all ingredients are added to ensure thorough mix-
ing; however, mixing is affected by the concrete mix itself and the truck. Excessive mixing
should be avoided because of the grinding of soft aggregates and the increase in tempera-
ture of the concrete.
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CHAPTER 10
CURING

INTRODUCTION

Curing can affect transverse deck cracking. PCA (47) defines curing as the maintenance
of a satisfactory moisture content and temperature in concrete during some definite period
immediately following placing and finishing so that the desired properties may develop.
Curing significantly affects durability, strength, watertightness, abrasion resistance, volume
stability, and resistance to freezing and thawing and deicer salts. Improper curing can
reduce compressive strengths as much as 40 percent.

The first several days are critical to the strength and durability of the deck. Fogging
immediately after strike-off and evaporation retarders can significantly reduce very early
plastic cracking (26). Early moist curing, using wet burlap instead of a curing compound,
can reduce cracking. Cracking is worse when water curing is delayed.

Most transportation agencies cited ineffective curing as the- most common cause of
excessive transverse deck cracking (20,48). However, the survey responses revealed that
there is no standard method used to cure bridge decks and curing practices vary widely.
Many agencies allow only membrane or curing compounds, while others require curing
compounds combined with long-term wet curing. Some specifications allow the contrac-
tor to select curing methods; however, this option may result in the selection of membrane
or curing compounds that are less expensive and easier than long-term wet curing but that
are less effective. ’

PLASTIC SHRINKAGE CRACKING

Plastic shrinkage cracks develop while the concrete has not yet hardened, when weather
conditions (air temperature, humidity, wind velocity) cause rapid evaporation that exceeds
the bleed of the concrete. Plastic cracking occurs in all directions, and its causes and pre-
ventions are well known. The plastic cracks may be as wide as 6.3 mm (/. in.) where they
initiate, but they typically are shorter than 0.6 or 0.9 m (2 or 3 ft) and shallower than 50 to
75 mm (2 to 3 in.). Plastic shrinkage cracking can be severe, and plastic cracks can allow
liquid and gas penetration into the concrete. They are seldom structurally significant, and
stresses rapidly dissipate.

Certain concretes are more susceptible to plastic shrinkage cracking than others. This
cracking is often worsened by low water-cement ratios and admixtures such as latex mod-
ifiers, superplasticizers (HRWRAs), air entrainment, and silica fume. Latex modifiers and
HRWRASs reduce the water content and bleeding. Similarly, concretes with silica fume
require HRWRAs to offset the reduced workability caused by the addition of silica fume.
These newer types of concrete typically do not bleed or have minimal bleed:

The obvious solutions to reduce plastic shrinkage cracking are to reduce the evaporation
rate or increase concrete bleed. It is not possible to significantly increase bleeding with mod-
ern deck concretes. The evaporation rate can be reduced by sunscreens, windbreaks, fog
mist, and monomolecular curing films. Polyethylene sheeting or other impermeable covers
are the most effective means to avoid losing bleed water, but such covers can be cumber-
some on a bridge deck. The most cost-effective method to prevent plastic cracking usually
involves applying a mist to the concrete surface from the upwind side of the work. This
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must be done with a commercial grade fog nozzle that produces a mist too fine to damage
the concrete surface and has broad coverage immediately after screeding. Care must be
exercised so that the fogged water does not become part of the concrete during finishing.
Wetting forms before the concrete is placed is also helpful.

It is well-known that high evaporation occurs on hot days, but it is not generally under-
stood that higher evaporation can occur during cooler weather. When warm concrete is cast
during winter conditions, the warm concrete heats the air immediately above the surface,
reducing its relative humidity. This warm moist air is replaced by cold dry air that quickly
warms up and absorbs more moisture, aggravating drying and increasing the risk or sever-
ity of plastic shrinkage cracking. Also, concrete placed during cooler weather remains plas-
tic longer and is affected for a longer time by evaporation.

A nomograph relating air temperature, relative humidity, concrete temperature, and wind
speed to evaporation was developed (9). Reportedly, plastic shrinkage cracking of ordinary
concretes is less likely when the evaporation rate does not exceed 1 kg/m%hr (0.2 1b/ft%/hr).
However, lower values may be appropriate for modern concretes, especially those with high
cement contents or additives such as superplasticizers or silica fume.

The nomograph (9) can be used to estimate the safe relative humidities at which the evap-
oration rate does not exceed 0.1 kg/m?%hr (0.2 Ib/ft*/hr) for various air temperatures, con-
crete temperatures, and wind speeds. To examine the dangers of casting warm concrete in
cool weather, consider concrete temperatures of 27°C (80°F), and moderate wind speeds of
16 to 24 km/h (10 and 15 mi/h). Under these conditions, concrete should not be placed at
air temperatures cooler than 4°C (40°F). Even worse, 32°C (90°F) concrete should not be
placed in air temperatures of 16°C (60°F) or cooler unless provisions are made to reduce
the evaporation rate.

A “gentle breeze” is typically 16 km/h (10 mi/h) and a “moderate breeze” is 24 km/h (15
mi/h). With wind speeds above a gentle breeze, strict control of temperature, humidity and
placement temperatures are required to reduce evaporation rates below 1 kg/m*hr (0.2
1b/ft*/hr).

Conversely, when wind breaks can reduce the wind speed over the corncrete to less than
8 km/h (5 mi/h), there is a low probability of plastic shrinkage cracking. Construction spec-
ifications should require windbreaks and immediate water fogging when the evaporation
rate exceeds 1 kg/m?hr (0.2 Ib/ft?/hr) for normal concretes and 0.5 kg/m?hr (0.1 1b/ft*/hr)
for concretes susceptible to plastic cracking such as those containing latex emulsions, sil-
ica fume, or HRWRAs.

CRACKING-TENDENCY TESTS

The restrained concrete ring tests suggest that curing affects high-cement-content, low
water-cement ratio concretes more than other concretes. Extended wet curing of 60 days
did not significantly change the time-to-cracking of ring specimens with 278 kg/m® (470
1b/yd®) cement and a water-cement ratio of 0.5. However, extended wet curing did delay
cracking 9 days (to an age of 21 days) when the mix contained 501 kg/m® (846 Ib/yd?)
cement and a water-cement ratio of 0.35. The time-to-cracking was calculated from when
the wet curing was stopped. Long-term wet curing of low water-cement ratio concrete
delayed cracking but did not prevent it. '

CONTINUOUS MOIST CURING

A continuous water mist, water ponding, or saturated coverings such as wet burlap pro-
vide continuous moist curing. The contractor should pre-wet an absorbent covering prior to
placing it on the concrete, so that it does not wick moisture from the concrete; however, a
saturated covering can be heavy and difficult to handle. Contractors sometimes pre-wet the
deck and then immediately wet the fabric after it is placed. With absorbent coverings, the
contractor must take special care to keep the coverings wet and to prevent wind from uncov-
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ering the edges. Wet coverings can also reduce concrete temperature and early thermal
stresses.

MEMBRANE CURING

Membrane curing consists of spraying a compound onto the surface of the concrete to
reduce drying. It can be applied sooner than moist curing blankets, and its effectiveness
does not end abruptly. Curing compounds will not cure the deck as well as moist curing,
because they allow some moisture loss, and curing compounds should not be used without
moist curing.

Modern curing compounds usually meet or exceed the requirements of ASTM C309 (38),
which allows up to 0.55 kg/m? (0.11 Ibs/ft?) moisture loss during the 72-hr test. This value
is low, but membrane curing does permit some drying. Also, contractors often do not apply
the membrane curing uniformly, and many areas cure poorly.

For the best deck curing, the contractor should apply a curing compound as soon as pos-
sible after finishing, followed by continuous wet curing. The concrete surface should be
damp when the curing compound is applied. The curing compound will reduce the initial
concrete drying and slow the drying after the wet cure is stopped. White-pigmented curing
compounds should be used in hot sunny weather to reduce absorbed radiation and reduce
concrete temperature. ‘

Sheet curing by placing plastic sheetmg over the concrete is effective only if the concrete
is kept continuously wet. Plastic sheeting can help keep wetted burlap or fabric moist, but
should not be relied upon as the only method of curing since it can increase concrete tem-
peratures due to trapped heat and solar radiation.

OPTIMUM CURING

Curing practices vary widely among states. Standardized curing should produce better
bridge decks. Better curing and casting procedures will reduce transverse deck cracking but
will not prevent it in all bridges. Currently AASHTO prescribes curing procedures for pre-
cast concrete, but not for cast-in-place bridge decks. Optimum curing for bridge decks
includes the following:

* Use of windbreaks when the evaporation rate exceeds 1 kg/m?hr (0.2 1b/ft*/hr) for nor-
mal concretes, and 0.5 kg/m*/hr (0.1 Ib/ft*/hr) for concretes with high cement contents,
low water-cement ratios, silica fume, or HRWRAs;

* Use of a fog nozzle water spray to cool the concrete during placement and finishing;

* Application of mist water or a monomolecular film immediately after screeding, and
as necessary thereafter;

* Application of a white-pigmented curing compound uniformly in two dlI‘CCthIlS when
the bleed water diminishes but before the surface dries;

* Moist curing with either fog or wet curing, especially when concretes with high cement
contents and low water contents are used; (When the concrete can resist indentation,
the deck should be covered with pre-wetted burlap, and kept wet by continuous sprin-
kling or by covering the burlap with plastic sheeting and periodic sprinkling. This cur-
ing should last at least 7 days [preferably 14 days] and longer during cool weather.)

* Application of a membrane curing compound when wet curing stops to slow the rate
of drying if not applied previously; and

* Grooving by diamond saw cutting instead of rake tmlng, so that the wet burlap can be
quickly applied.
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CRACK CHARACTERISTICS

Transverse deck cracks may reduce serviceability or affect structural strength, or both.
A qualified engineer must analyze cracks that may affect the strength of the bridge, and
structural repairs must be made to those that do. Cracks in areas subjected to deicing or
aggressive solutions can reduce serviceability, and these cracks should be filled to prevent
infiltration into the cracks.

When deck cracking is caused by internal expansive chemical reaction, such as alkali-
silica reaction, repairs may not be effective and complete deck replacement may be war-
ranted. When cracking is from corrosion of embedded reinforcing or cyclic freezing, usu-
ally it is best to remove and replace the damaged concrete instead of repairing the cracks.

Most early transverse deck cracks are uniformly spaced and have small to moderate
widths, 0.03 to 0.25 mm (0.001 to 0.010 in.). Bonding or sealing these cracks will improve
the serviceability of the deck, especially in deicing areas.

SELECTION OF CRACK REPAIR METHODS

After the cause of deck cracking is determined, a repair method should be chosen with
consideration to application ease, durability, life-cycle cost, available labor skills and equip-
ment, local experience, and appearance of the final product. Usual methods for repair
include epoxy injection, high molecular weight methacrylate (HMWM) topical treatment,
silane and siloxane sealers, routing and sealing, and stitching.

Epoxy injection is commonly used to repair large distinct cracks, and HMWM is com-
monly used to repair decks with many fine cracks. Trial sections are recommended and cor-
ing should verify penetration. Grinding or abrasive blasting readily removes excess mater-
1a1 hardened on the surface.

EPOXY RESINS

Epoxy injection consists of drilling holes along the cracks, installing entry ports over
these holes, and injecting epoxy under pressure. This work is labor intensive and time con-
suming, and generally limited to decks with few large cracks. Epoxy is the most common
resin for pressure injection, although other resins can be used. Epoxy resins can be injected
into racks wider than 0.05 mm (0.002 in.). Certain low-viscosity epoxy resins are available
for gravity application to cracks. The authors’ experience has shown that these resins can
penetrate into fairly wide cracks, typically wider than 0.50 mm (0.020 in. ) but do not pen-
etrate into finer cracks as well as HMWM resins.

ACI Committee 503R (49) and 224 (4) reports contain detailed information on epoxy
injection. ASTM Standard C881, (15) Type I, low-viscosity grade epoxy is suitable for most
crack injection. Mixing can be done by batch or by continuous machine mixing. The max-
imum pressure of the injection must be chosen carefully by an experienced contractor.

HIGH MOLECULAR WEIGHT METHACRYLATE RESINS

The HMWM resins were developed for topical treatment of bridge decks with many nar-
row cracks (50). These low-viscosity resins (8 to 20 cps, similar to diesel fuel) readily flow
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by gravity into deck cracks narrower than 0.02 mm (0.001 in.). HMWM resins are less
effective at filling cracks wider than 0.25 mm (0.010 in.) because these wider cracks have
lower capillary forces.

The high solvent capacity of HMWM enables it to bond through lightly contaminated
surfaces. Curing compounds and asphaltic materials should be removed before treatment
because the resin will solvate them and thicken, causing poor final properties. The cracks
must be dry when the HMWM is applied, because water will prevent the concrete from pen-
etrating into the concrete and will dilute the resin. HMWM has low volatility and does not
readily evaporate. Standard methyl methacrylate (MMA) resins are very volatile and are
not suitable for filling cracks.

A metallic drier and peroxide catalyze HMWM monomers to initiate polymerization.
The resin is then swept, squeegeed, or sprayed on the cracked concrete at a rate of approx-
imately 0.4 L/sq m (1 gal/100 sq ft). The resin flows into the cracks and polymerizes, bond-
ing crack surfaces. Dry sandblasting sand should be broadcast into the resin on the deck
surface before the resin hardens, to improve skid resistance.

The performance of different HMWM resins can vary. Product selection should be based
on satisfactory use in similar applications, and a trial application is recommended for large
jobs. Generally, the resin will perform well if it is applied when the concrete and air tem-
peratures are between 7°C (45°F) and 32°C (90°F). Special formulations of HMWM resins
are available for use during cold or hot weather.

HMWM resins are brittle and are abraded by traffic. They also do not repel water as well
as penetrating sealers such as silanes. Because HMWM resins are compatible with silane
sealers, the HMWM resin can be applied after the deck surface has been sealed with the
silane sealer so the deck surface will be sealed and the cracks will be filled and bonded.

SEALERS

ACI 116R (51) defines a sealer as “a liquid that is applied as a coating to a surface of
hardened concrete to either prevent or decrease the penetration of liquid or gaseous media,
for example, water, aggressive solutions, and carbon dioxide, during service exposure.”
Different materials have been used to coat or seal bridge decks, with varying effectiveness.

Penetration sealers may be used to coat the surfaces of cracks in decks, making them
water repellent. Further research is necessary to determine if these sealers can be effective
on deck cracks where the surface of the cracks is subjected to high tire pressures.

NCHRP Report 244 (52) found five categories of effective sealers: polyurethanés, MMA,
certain epoxy formulations, relatively low-molecular-weight siloxane oligomers, and
silanes. Urethanes and epoxies are the most common film-forming sealers. Silanes, silox-
ane oligomers, and methyl methacrylate are the most common penetrating sealers. NCHRP
Report 244 also evaluated a silane sealer on deeply cracked, reinforced concrete slabs sub-
jected to a rigorous 48-week cyclic wet/dry corrosion test. These silane-treated cracked
specimens with 0.25 mm (0.010 in.) wide cracks showed significant corrosion reduction as
indicated by very low half-cell potentials, when compared to the cracked reinforced con-
crete slabs without the silane treatment. Barrier sealers that rely on maintaining a continu-
ous film are not appropriate for bridge decks because they quickly abrade and may reduce
skid resistance. '

Silane and siloxane are both derived from the silicone family. When catalyzed by mois-
ture, these silicon materials react with the silica available in concrete to form a hydropho-
bic siloxane resin film that repels water without loss of vapor transmission properties. Silane
and siloxane sealers are effective because their very small molecules infiltrate the micro-
pores and capillary structure of the concrete. Penetration depth is mainly related to the
amount of active solids applied. Newer volatile organic content (VOC)-compliant products
include 100 percent silanes and water-dispersed silanes, both of which can penetrate as well
as their predecessors. Further research is needed to determine the effectiveness of sealers
on preventing water ingress into deck cracks subjected to tire pressures.
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MEMBRANES AND OVERLAYS

Membranes and overlays can be applied in severe cases of deck cracking. Typical over-
lays include latex-modified portland cement concrete, silica fume-modified portland
cement concrete, epoxy resin, and polyester resin concretes. Membranes can be applied but
must be protected by covering with a wearing surface, typically an asphalt concrete over-
lay. Membranes and overlays (1) are much more expensive than repairing cracks with
epoxy, HMWM, or penetrating sealers; (2) are more difficult to apply; and (3) have poten-
tial durability problems.
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CHAPTER 12
SUMMARY

STRAINS, RESTRAINT, AND STRESSES

Strains, restraint, and stresses cause transverse bridge deck cracking. Shrinkage and tem-
perature changes in the deck are the primary causes of transverse deck cracking. Bridge
girders restrain the deck strains associated with shrinkage and temperature change, causing
stresses to develop in the deck. The concrete properties affect these stresses. Careful design,
material selection, and construction techniques can reduce the shrinkage and thermal strains
and stresses that cause transverse deck cracking.

DESIGN

Design can reduce the restraint on the deck and the risk of transverse deck cracking by
careful selection of girder type and size. Equations have been developed to enable bridge
designers to calculate shrinkage and thermal stresses in bridge decks, so that they can eval-
uate and modify designs to reduce these stresses and the risk of transverse deck cracking.
Generally, the risk of transverse deck cracking increases when girder size increases, when
thinner decks are used, when spans are continuous instead of simply supported (especially
with concrete girders), and when steel girders are used instead of concrete girders if spans
are simply supported.

Noncomposite design can reduce restraint of the deck and stresses; however, this may -
not eliminate transverse deck cracking, because some restraint inevitably will develop from
friction at the deck-girder interface. Form oil or other friction reducers at the interface can
reduce the restraint in noncomposite bridges. Noncomposite design often requires larger
girders, increasing construction cost. ’

To eliminate the risk of transverse deck cracking, decks can be precast and prestressed,
and connected to the girders after the initial shrinkage and thermal movements. However,
this construction is usually more expensive than traditional casting, and precast decks may
not be practical for many bridges.

Designing the longitudinal post-tensioning to produce compressive stresses in the deck
will generally decrease the risk of severity of transverse deck cracking, but decrease the
flexural efficiency of the system. When it is not practical to design a post-tensioned deck
without flexural tensile stresses, tensile stresses should be minimized and deck reinforce-
ment details in those areas should be selected to control the cracking that may develop.

Concrete with acceptable minimum early strength should be used. The compressive
strength of concrete decks should be specified at later ages than the normal 28 days. The
actual “in-place” compressive strengths should be kept at levels similar to the “specified”
strength. Lower-strength concrete typically creeps more than higher-strength concrete,
reducing the stresses that develop from shrinkage and thermal strains, and reducing the risk
or severity of transverse deck cracking.

Designers can control transverse deck cracking with additional longitudinal reinforce-
ment in the concrete deck. As a minimum, longitudinal size 10M (slightly smaller than a
No. 4 bar) bars should be placed at a maximum spacing of 150 mm (6 in.); deck perfor-
mance is expected to improve with smaller reinforcement spacing. In marine or deicing
areas, decks should be reinforced with epoxy-coated steel or corrosion-resistant reinforce-
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ment such as stainless steel. Such reinforcement provides significant protection from cor-
rosion, even with cracks, and will extend the service life of the deck while decreasing main-
tenance.

MATERIAL SELECTION

Concrete properties generaily are the most important factors affecting transverse deck
cracking. Concrete properties control the shrinkage and thermal strains that cause stresses,
and the relationship between strain and stress. Concrete properties are easier to change than
design parameters. Ideally, concrete used in bridge decks should have the following prop-
erties to reduce cracking: low modulus of elasticity, high creep, low coefficient of thermal
expansion, low heat of hydration, and high thermal conductivity. Doing so reduces shrink-
age and thermal strains, and the stresses developed.

The ring test developed for this project should be used to evaluate and develop concrete
mixes that are less likely to produce cracking. Generally, mix designs should have a low
cement content and large aggregate content, large well-graded crushed aggregate, aggre-
gate with a low modulus of elasticity, aggregate with a low coefficient of thermal expan-
sion, aggregate with high conductivity, and Type I or IV cement. Also, use coarse cements
that result in a low 1-day modulus of elasticity and lower heat of hydration. Shrinkage-
compensating cement may reduce transverse cracking although field performance results
are mixed.

Deck concrete should contain the largest possible aggregate size. Using ACI 318-89 (39) *
guidelines, the maximum aggregate size is the smaller of one-third the deck thickness, or
three-fourths the minimum clear spacing between bars.

Instead of specifying a minimum cement content, a maximum cement or cementitious
content should be specified for concrete used in bridge decks. Water-reducing admixtures
can improve workability when concrete has a low cement content.

CONSTRUCTION TECHNIQUES

Construction can affect transverse deck cracking. Careful construction practices should
be required to reduce the risk of transverse deck cracking.

The first large stresses in a concrete deck can develop during the first 12 to 24 hrs, when
temperatures change rapidly from early hydration. Reducing the concrete temperatures dur-
ing this cycle will reduce early stresses. This can be done by placing concrete during cooler
weather, placing cooler concrete, misting the concrete during placement and wet curing,
and shading the deck.

When possible, concrete bridge decks should be placed during early or mid-evening.
Doing so reduces the hydration temperatures, the thermal stresses that develop, and the risk
or severity of transverse bridge deck cracking. Also, air humidities are usually higher in the
evening, and nighttime placements reduce the risks of early shrinkage.

The evaporation rate should be measured during placement. During periods of moderate
to high evaporation, the contractor should install windbreaks to reduce wind speed over the
concrete, and fog mist should be applied immediately after screeding and thereafter when
needed to balance evaporation. Water should never be sprinkled directly onto the concrete
surface and worked into the concrete.

Proper finishing is essential to reduce the risk or severity of transverse deck cracking.
The contractor should thoroughly vibrate and strike the concrete with a mechanical screed.
It should then be smoothed using a float, if necessary. Finishing should be completed as
soon as practical without finishing the bleed water into the surface. Wet curing should start
as soon as possible, even if a curing compound was applied. The contractor should rework
and close plastic shrinkage cracks while the concrete is still plastic. Re-vibration of the con-
crete may be beneficial.
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Curing should start as soon as possible. If the contractor does not mist fog the concrete
during placement, he or she should apply an evaporation retarder and curing compound as
soon as possible. Extending concrete wet curing increases the strength gain, and decreases
the rate of shrinkage and final shrinkage. '

Diamond grooving, instead of rake tining, may be beneficial because curing compounds
and wetted blankets can be applied sooner. For bridges subjected to deicers, contractors
should be required to repair all visible deck cracks 6 months to 1 year after construction.
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PROPOSED STANDARD METHOD FOR TESTING
CRACKING TENDENCY OF CONCRETE

This proposed testing method is the recommendation of NCHRP Project 12-37 staff at
Wiss, Janney, Elstner Associates, Inc. It has not been approved by NCHRP or any
AASHTO committee or formally accepted for the AASHTO Specifications. It is submitted
for trial use and comment to engineers engaged in design of concrete bridge decks.

The following material contains a proposed method for testing the cracking tendency of
concrete. The method is proposed for adoption by AASHTO and inclusion as part of
AASHTO Standard Specifications for Transportation Materials and Methods of Sampling
and Testing.

DRAFT

PROPOSED STANDARD METHOD FOR TESTING CRACKING
TENDENCY OF CONCRETE

Scope

This method covers the determination of the cracking tendency of restrained concrete
specimens. The procedure determines the effects of variations in the properties of concrete
on the time-to-cracking of concrete when restrained. The procedure is comparative and not
intended to determine the time of initial cracking of concrete cast in a specific type of struc-
ture. Actual cracking in service depends on many variables including construction meth-
ods, bridge type, curing methods, degree of restraint, hydration effects, and environmental
factors. The method is useful for determining the relative likelihood of early concrete crack-
ing and for aiding in the selection of concrete mixtures that are less likely to crack. The test
method may also be modified to evaluate other factors that may affect cracking such as cur-
ing time, curing method, evaporation rate, or temperature.

This standard may involve hazardous materials, operations, and equipment, and it does
not purport to address all of the safety problems associated with its use. It is the responsi-
bility of the user to establish appropriate safety and health practices and determine the
applicability of regulatory limitation before use.

Referenced Documents

AASHTO T126: Making and Curing Concrete Test Specimens in the Laboratory

AASHTO T160:  Length Change of Hardened Hydraulic Cement Mortar and Concrete

AASHTO M210: Apparatus for Use in Measurement of Length Change of Hardened
Cement Paste, Mortar, and Concrete

Significance and Use

This test can determine the effects of concrete variations on cracking tendency. These
variations might include aggregate source, aggregate gradation, aggregate bond, cement
type, cement content, water content, mineral admixtures, silica fume admixtures, fiber rein-
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forcement, or chemical admixtures. The test method measures the strain in a steel ring as a
surrounding concrete ring shrinks. The time-to-cracking of the concrete ring is measured
as the time when an abrupt drop is seen in the steel-ring strain. Simple visual monitoring of
the time-to-first-cracking may also be useful, but it is less accurate than monitoring strains
and large errors may result with visual monitoring. The test can also evaluate environmen-
tal and construction factors by modifying the test environment or curing procedures.

Other concrete tests that may be related to cracking tendency are unrestrained free-shrink-
age, compressive strength, tensile strength, elastic modulus, Poisson’s ratio, and creep.

Apparatus

Steel Ring. The standard steel ring shall have a wall thickness of 9.5-mm * 0.4-mm
(Y>in. * Yu-in.) thick, an outside diameter of 305 mm (12 in.), and a height of 152 mm (6
in.). (See Figure 1). Theoretical elastic analysis indicates that decreasing the steel thickness
increases stresses in the steel significantly but only slightly affects concrete stresses. Bond
strain gages at four equidistant mid-height locations on the interior of the steel ring. Struc-
tural steel pipe conforming to ASTM A501 or A53 12-in. extra strong pipe with an outside
diameter of 324 mm (127, in.) and wall thickness of 13 mm (/2 in.) may be substituted.

Data Acquisition. The data acquisition unit should be compatible with the strain instru-
mentation and automatically record each strain gage independently. Often when cracking
occurs only one or two gages indicate significant strain relief. Monitor a strain gage
mounted on an unstressed piece of steel to allow for temperature compensation of the steel
ring-strain gage readings. Record ambient temperatures.

Forms. The forms should be nonabsorbent. Fabricate the base forms of resin-coated or
polyethylene-coated plywood to minimize friction restraint of the concrete. Thin 3-mm
(/s-in.) polyethylene sheeting works well as the outside radius form. Secure the steel ring
to the base with a central hold-down device during casting. Coat the steel ring surface in
contact with the concrete with a release agent such as paraffin wax dissolved in solvent or
other suitable form release agent. Do not use form release agents on the exterior form.

Curing. Wet cure the top surface, using prewetted burlap covered with plastic. After
stripping the form, seal the top of the concrete ring with rubber matting or plastic sheeting
designed to eliminate drying from the top, and break the bottom of the ring specimen loose
from the base form, but keep the base form in place.

Curing and Test Room. After wet curing, store the samples in a controlled environment
room with a constant air temperature of 21°C £ 1.7°C (70° * 3°F) and a relative humid-
ity of 50 £ 4 percent. Note and record the evaporation rate near the ring surfaces as
described in AASHTO T160.

Miscellaneous. Test the unrestrained free-shrinkage of companion concrete prisms in
accordance with AASHTO T160.

Test Ring Specimens

Make and cure the test ring specimens following the applicable requirements of
AASHTO T126 and M210. Cast at least two concrete rings for each batch. Rod the con-
crete into the molds in three equal lifts, using a round-nosed rod with a diameter of 16-mm
(7s-in.). Rod the concrete equidistantly 75 times per layer, ensuring that the rod slightly
penetrates into the previous layer. Spade the inside and outside surfaces of the mold after
each lift to eliminate large voids along the form faces. Lightly tap the base of the mold with
a rubber mallet to close any holes left by rodding and to release any large air bubbles; do
not tap on the exterior radius of the molds or on the steel ring. While not recommended, if
external or internal vibration is used, vibrate the concrete followmg AASHTO T126 and
record the vibration frequency and time.

After consolidation, strike-off and wood-float the concrete surface. Clean any excess
concrete from the top and sides of the forms to achieve a level surface. Finish with mini-
mum manipulation necessary to achieve a finished, flat, and even surface. Immediately
transfer the specimens to the cure room and leave undisturbed for 24 hrs. Loosen the tie-
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Figure 1. Cracking-tendency test apparatus (left—empty, right—full of concrete).

down holding the steel ring to the base form. Connect and begin monitoring the strain
instrumentation immediately after placing the specimens in the cure room, cleaning the
strain gage connecting wires with an emery cloth before attachment. After the concrete
hardens sufficiently to resist indentation of the burlap, cover the specimens with wet burlap
followed by plastic; keep the burlap wet until the forms are removed.

Unless otherwise required, remove the forms from the concrete rings at an age of 24 hrs
#+ | hr. Gently slide the ring or lift and tap the base to break the specimen free from the base
form. Check that no debris is caught between the concrete and the base form. Keep the ring
in contact with the base during testing or seal the bottom to prevent drying. Lightly dress
the top edge of the concrete to remove sharp edges. Seal the top surface by running a bead
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of silicon caulk on the inside and outside edge of the top of the concrete ring and pressing
a rubber mat or plastic into the caulk. Because some silicone caulks will corrode the steel
ring, protect the top edge of the steel ring with a coat of varnish or do not allow the caulk
to contact the steel.

Testing

Monitor the strains in the rings as soon after casting as practical, recording strains every
30 minutes. Measure each strain gage separately. Periodically, review the strain measure-
ments and visually inspect the ring for cracking. A large strain decrease in one or more
gages indicates cracking. After cracking, note the cracking pattern and crack widths on the
exterior radial face. Monitor the specimens for 2 additional weeks after cracking, measur-
ing crack widths so the strain decrease and crack pattern can be characterized. Inspect the
entire outside surface of the ring because a second crack occasionally develops on the oppo-
site face of the ring from the original crack. If a second crack develops, monitor the new
crack independently and note it in the final report.

Calculation

Time-to-cracking is the age when strains measured by one or more of the strain gages
mounted on the steel ring suddenly decrease. Average the results from each specimen cast
from the batch, and report the age at cracking to s of a day. If compressive strain increases
in the steel ring are followed by gradual decreases and the concrete rings do not crack, report
the results as “no cracking” and record the age when the test was terminated.

Plot the free-shrinkage strain of the unrestrained samples and determine the unrestrained
shrinkage at the average time-to-cracking.

Report

Record in the report the following data as perﬁnent to the variables studied:

. Propertxes of the concrete mixture: batch materials and proportlons air content, con-
sistency, and unit weight of fresh concrete;

* Variations in ring dimensions, forming, casting, or curlng,

* Steel ring thickness and outside diameter;

+ Casting and curing temperatures; :

* Temperature, relative humidity, and evaporation rate of the test room; _

* Time-to-cracking in days for each specimen, and the average to /i of a day

* Average strain of steel ring at cracking;

» Plots of steel-ring strain versus time;

» Average unrestrained free-shrinkage at the average tirhe-to—cracking; and

* Pattern of the cracking and the measured crack widths on the exterior face.




THE TRANSPORTATION RESEARCH BOARD is a unit of the National Research Coun-
cil, which serves the National Academy of Sciences and the National Academy of Engineering. It
evolved in 1974 from the Highway Research Board, which was established in 1920. The TRB incor-
porates all former HRB activities and also performs additional functions under a broader scope
involving all modes of transportation and the interactions of transportation with society. The Board’s
purpose is to stimulate research concerning the nature and performance of transportation systems, to
disseminate the information that the research produces, and to encourage the application of appro-
priate research findings. The Board’s program is carried out by more than 400 committees, task forces,
and panels composed of more than 4,000 administrators, engineers, social scientists, attorneys, edu-
cators, and others concerned with transportation; they serve without compensation. The program is
supported by state transportation and highway departments, the modal administrations of the U.S.
Department of Transportation, and other organizations and individuals interested in the development
of transportation.

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance of sci-
ence and technology and to their use for the general welfare. Upon the authority of the charter granted
to it by the Congress in 1863, the Academy has a mandate that requires it to advise the federal gov-
ernment on scientific and technical matters. Dr. Bruce M. Alberts is president of the National Acad-
emy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National
Academy of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its
administration and in the selection of its members, sharing with the National Academy of Sciences
the responsibility for advising the federal government. The National Academy of Engineering also
sponsors engineering programs aimed at meeting national needs, encourages education and research,
and recognizes the superior achievements of engineers. Dr. William A. Wulf is interim president of
the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to
secure the services of eminent members of appropriate professions in the examination of policy
matters pertaining to the health of the public. The Institute acts under the responsibility given to the
National Academy of Sciences by its congressional charter to be an adviser to the federal government
and, upon its own initiative, to identify issues of medical care, research, and education. Dr. Kenneth
1. Shine is president of the Institute of Medicine. :

The National Research Council was organized by the National Academy of Sciences in 1916 to
associate the broad community of science and technology with the Academy’s purpose of furthering
knowledge and advising the federal government. Functioning in accordance with general policies
determined by the Academy, the Council has become the principal operating agency of both the
National Academy of Sciences and the National Academy of Engineering in providing services to the
government, the public, and the scientific and engineering communities. The Council is administered
jointly by both Academies and the Institute of Medicine. Dr. Bruce M. Alberts and Dr. William A.
Wulf are chairman and interim vice chairman, respectively, of the National Research Council.

Abbreviations used without definitions in TRB publications:

AASHO  American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials

ASCE American Society of Civil Engineers

ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
FAA Federal Aviation Administration

FHWA Federal Highway Administration

FRA Federal Railroad Administration

FTA Federal Transit Administration

IEEE Institute of Electrical and Electronics Engineers
ITE Institute of Transportation Engineers

NCHRP  National Cooperative Highway Research Program
NCTRP National Cooperative Transit Research and Development Program
NHTSA National Highway Traffic Safety Administration

SAE Society of Automotive Engineers
TCRP Transit Cooperative Research Program
TRB Transportation Research Board

USDOT  United States Department of Transportation
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